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ANNOTATION

THE COLLECTION IS DEVOTED TO HYDRODYN!MIC PROBLEMS OF BIONICS.
INDIVIDUAL PROBLEMS OF GENERAL HYDROMECFANICS ARE CONSIDERED
WITH RESPECT TO SWIMMING OF AQUATIC ANIMALS AND SOME HYDRODYNAMIC

- PROBLEMS OF SWIMMING OF AQUATIC ANIMALS ARE DEVELOPED. THE MOR-
PHOLOGICAL STRUCTURE OF THE SKIN OF MARINE ANIMALS IS DESCRIBED.
THE POSSIRILITIES OF USING THE DERIVED INFORMATION FOR TECHNICAL
PURPOSES ARE INVESTIGATED.

THE COLLECTION IS INTENDED FOR SCIENTIFIC WORKERS, TEACHERS IN -
VUZES AND POSTGRADUATE STUDENTS INVOLVED IN PROBLEMS OF BIONICS.

1
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UDC 591.524.1591.177
THE HYDRODYNAMICS OF AQUATIC ANIMALS WITH LUNATE CAUDAL FIN
xiev DIONIKA in Russian No 13, 1979 signed to press 14 Jun 79 pp 3-9

(Article by L. F. Kozlov, Institute of Hydromechanics of the Ukrainian SSR Academy
of Eciences, from the collection "Bionika,” Izdatel'stvo Naukova Dumka, 1,000
coples, 100 pages]

- [Text) The approximate hydrodynamic theory of swimming of aquatic animals with
lunate caudal fin is proposed in {3]. The basis of this work is the hypcthesis
that the oscillatory amplitude of the body of an aquatic animal during swimming
motions has a constant value along the entire length of the body. bowever, analy-
sis of movie films of the swimming of numerous classes of aquatic animals showed
that the oacillatory amplitude of the body of the gaid animals varies approximately
according to linear law from the nose to its highest value in the region of the
caudal fin. A movie f£ilm of a swimming sturgeon is presented in Figure 1 as an
example of this type of swimming The numbers 1-6 in this figure denote the se-
quential positions of its body during a single period of oscillation of the caudal
- £in. Such remarkable swimmers as Scombridae, bonito, tuna of the Scombridae family,
swordfish of the Xiphiidae family, sailfish, spearfish, marlin of the Istiophoridae
family, various species of dolphins of the Delphinidae family and other fagt-gwim-
ming aquatic animals also belong to thess classes of animals.

Lat us consider the forces acting on the lunate caudal fin of an aquatic animal.
Flongation of this caudal fin is evaluated in the hydrodynamic sense by the formula

x'%ér" (1)

where A is olongation, 2R is span and S is the area of the caudal fin.

- Figure 1, Diagram of Oscillations Made by the Body and Fins of Sturgeon

- 2
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To calculate the thrust created by the caudal fin of an aquatic animal (Figure 2),
let us use the main propositions of the theory of a high-aspect wing, outlined in
{4}. RAccording to the mentioned thesry, we have the expressions

Cor==(nh)™ CL(1 + 8), (2)
Jo 3
LS VRrite (3)

The following additional notations are used here: Cpj is the induced drag factor,
Cp, is the 1ift coefficlent, o is the angle of attack of the caudal fin and (1 +§)
ig a factor which takes into account deviation of the geometric shape of the caudal
fin in layout from the optimum shape in the sense of least inductive losses.
Moreover .

STLA A2 A
148)e= 2 onx it 3 (4)
(1+9) 2"7:“ 2480

L)

whore A, is the still unknown coefficients of expansion of the rate of circulation
along the wing span in the form of a trigonometric series with respect to sines.
These coafficients are dapendent on the geometric cbz-acteristics of the wing and
the angle of attack and also satisfy an infinite system of algebraic equations

; : 2(a%n+sinO)A,slnnena%a,sin o, (5)

Awel]

- where o] = o - (g is the angle of attack with respect to zero 1lift, b(z) is the
cross-sactional chord of the caudal fin in the xOy plane, r0 is the circumferential
radius in the auxiliary plane and a = 2mro/b.

In aguation (5), o and a(b/1) are known functions of coordinate z and parameter 6
bound to it. The unknown values are coefficients Ap. It is recommended that
Glauert's well-known method, outlined in (4], be used to solve the system of alge-
braic aquations (5).

¥ Lz

A‘,. b

A
- v L

1

Figure 2. Coordinate System and Main Geometric Characteristics of Aquatic
Animal

Since expreseion (4) is the sum of significantly positive terms, the minimum value
- of induced drag Cpi will be ensured at § = 0. Consequently, in this case A, = 0

3
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at n > 1. This corresponds to the optimum shape of the caudal fin in the x0z
plane.

Lat us note the following with regard to determination of the value of § for the
caudal {inm of aguatic animals. The main proposition of hydrobionics, which should
nlao ba valid for the hydrodynamice of the swimming of aquatic animals, includes
the fact that the form of swimming of an aquatic animal should be very close to
optimum. Therefore, let us assume the value 8 « 0 in further calculations with re-
spact to a caudal fin in the shape of (2). Moreover, even a significant deviation
of tha geometric shapa of the caudal fin of an aquatic animal from the optimum
shaps of a wing yields slight corrections which can be disregarded in approximate
engineering calculations. Thus, for unswept wings which differ significantly from
the optimum in the sense of least induced drag, the extent of this correction com-
prises the following values: -

- A, 3 6 8 11 =
5, 002 005 006 0,08 A

The given figures show that this correction comprises approximately 2-3 percent for
caudal fins encountered in aquatic animals with lunate fin (A = 1-3) and it can be
disregarded in approximate calculations.

Lot us note that interpolation formula (3) for the lift coefficient is in satis-
factory agreement with the numerous available experimental data (see Figure 3).
For oxample, for A = 4 according to the Fedyayevskiy formula 4CL/du = 3.88 and the _
exporimantal value comprises dCr/do = 3.80. Consequently, the exror of the value

datermined by formula (3) comprises approximately 2 percent in this case. It is -
interasting to note that the formula for calculating lift used in (3] yields a value
of dcy/dn = 4.19 for the given value of A and the corresponding error comprises more
than 10 percent compared to experimental data. There are some advantages of -
formula (3) in this sense to determine the 1ift coefficient for high-aspect wings.

Figure 3. Comparison of Experimental Data of Derivative dCp/do to Values
Calculated by Formula (3) for Different Wing Aspect Ratios:
= solid lines--theoretical data; circles--experimental data

1t should also ba noted that formula (3) is valid only for absolutely rigid hydro-
dynamic wings, whereas the caudal fins during swimming of aquatic animals are de-
formed somewhat due to the effect of incident flow. However, the mentioned de-

- formations must be disregarded at the stage of studying the creation of thrust by
aqustic animals under congideration.

4
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Lot us subsequsntly disregard the rotation of the caudal fin with respect to the
direction of instantaneous speed, i.e., let us assume that ¢ = 0 in equation (6).
This hypothesis must be made since there is essentially no information about the
value of this sngle during swimming of various types of aquatic animals. As ma-
terial im accumulated on the values of angle ¢ for various types of aquatic ani-
mals, it will be sasy to refine the calculations made in this paper.

Lat us turn to calculation of the speeds and forces acting on the caudal fin of an
aquatic animal, regarded as a rigid high-aspect wing (Figure 4). It follows from
tho given layout that the instantaneous thrust coefficient of a caudal fin is de-
termined by ..o formula

Cy=e C:.(%"-T'r +q>)-cp,, ©

where the additicnal notations are introduced: n{x, t) is deviation of the center
line of an aquatic animal from coordinate axis y, t is tim, an/ng = nt is the
transverse velocity of the center line of an aquatic animal, nt/V is the slope of
the diraction of instantaneous speed of the center line to the direction of motion
of an aquatic animal, ¢ is the angle of rotation of the caudel fin with respect to
the direction of instantaneous speed of the center line and V is the speed of
swirming of an aquatic animal.

Figure 4. Diagram of Speeds and Forces for caudal Fin of Aquatic Animal

As theoretical &nd experimental data are accumulated on the effect of high~aspect
wing deformation on the lift coefficient, one can introduce the sppropriate cor-
rections to the calculations. It should be assumed that the mentioned corrections
do not make any fundamental changes in the derived values of the lift coefficients.

According to the previously postulated problem, let us assume that the oscillatory
amplitude of the center line of the body of an aquatic animal increases by linear
law as the point under consideration moves from the nose to the tail point x2. 1In

other words, lot ue assume that the following formula is applicable to describe the
oscillation of the body of an aquatic animal

Xy — X ot Xy — X
tore 1g is the oscillatory anplitude of the tail point of the caudal fin, L is the

length of the wave travelling along the body of an aquatic animal, n is the number

5
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- of waves added on the length of the body of an aquatic animal, c is the speed of
propagation of a wave traveliicg along the body of an aquatic animal and Lp *
w 2Ly = X3 - X) ls the length of the body of an aquatic animsl. From the graph
given in rigure 4, for the angle of attack we find

e b(Bv)

where v, is the normal speed component of the tail point of the caudal fin.

- Let us calculate the values of the derivatives in formula (8). To do this, let us
differentiate tha values of {7) with respect to coordinate x and time t. After
calculation, we find

R |
N e Bosin (A + AL cos (£ —27) (10)

Then the normal speed component for the case under congideration has the form

tn = R S = V) cos (F—2r* %) + P Vsin(T 5 7). (a1

- Let us calculate the pulling coefficient. Substituting the values of the lift and
induced drag coefficients into equation (6) according to formulas (2) and (3),
after simple transformations we find

ok Y R 4mh Va2
CA='y'm‘z+g 7"'(%}7}—(-. rt+4+2)'(v)' (12)

- let us then calculate the value of the pulling coefficient during period T = 27 (L/C)

b3
- 1
7 C== Y Cdt. 3
0

Using the law of averaging (13) permits one to find the expression

(C }gz 2nA {( vn) 6!1 i - 4nd [(i 2
A a2\ v 7|~ wFE alk (14)
Let us turn to calculation of the individual terms of the expression.

The calculations made previously in {2] made it possible to find the expressions

6
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(#)}== (2]+ —;'(%)Z(jﬁﬁ(_;'— ok (15)
() (@) =r @ 5T 0o

substituting them into equation (14), to calculate the pulling coefficient we find
the final axpzesaion

1¢ (¢ Xy — %\8
€= VF—"H( v(v- )("‘171)_ a7
4 M \? 1\ ¢ %) (¢ 3
ICAER +2>-l2(L +2('~)"1T—(V"l)]’
Since from expression (1) for the typical area we have
@R
S= =T
and the reduced mass at the tail point is
then ;= priR%,
oy my?
TS
Then the mean values of pulling are
'V’
{A}= (CA} ""S“"(CA}_[" (18)
or, uaing expression (17), we finally find
m) ne Byl (£ 1\ (Baza) 4
W= (2 P (7 =) (55)
(3 — %) ]
+Vii" I+2{ + I ( ) } (19)
These expressions can be found by similar calculations.
The mean value for the section force is
v N V(€ _1)’. (20)
(P}=='"( ) +l2(L) v

7
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The moan value of the kinetic energy coming off the caudal fin tc the hydrodynamic
wake 18 equal to

o= (2 Sz g -

The genaral sxpression for the hydrodynamic efficiency has the form

I (€)X )14
Anet= Ay eV ET .

Substituting expressions (19)-(21) into equality (22) after simple transformations
tor efficiency, we find the final expression

(23)

The functions of hydrodynamic efficiency {np} and the dimensionless coefficient of

thrust for different values of travelling wave velocity c/V

are calculated by using formulas (19)-(23)., The results of these calculations are
presented in Figure S for aquatic animals with lunate caudal fin having aspect
ratio of A = 4.

qe
a6
a4

a2

— 17 1 L 1 € L
02 1 s 18 20 o

Figure 5. Comparison of Results of Calculating the Pull and Hydrodynamic
Efficiency for an Aquatic Animal with Lunate caudal Fin:
solid lines--according to formulas (19)-(23); dashed lines--
according to data of G. V. Logvinovich [3]
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1t should he noted that ore should take into account the effect of the hydrody-
namic wake occurring behind thz body on the wrk of the caudal fin as an impeller
when calculating the hydrodynamic efficiency of the caudal fin of an aquatic ani-
mal by formula (22). This is usually taken into account in shipbuilding by intro-
ducing the concept of hull efficiency. This coefficient represents the fcllowing
relation in the case under consideration

i L
=y (24)

where ¥ is the wake fraction, t is the suction coefficient and 1 is the coefficient
of the effect of velocity field nonuniformity at the location of the caudal fin.

calculations carried out by the known data of Harwald (see [1]) showed that the
following values can be used for aquatic animals: i elandl -t=1-y, i.e,,
hull efficiency for fast-swimming aquatic animals is approximately equal to unity.
Consequently, the uss of formula (24) in the case under consideration to calculate
the hydrodynamic efficiency is quite valid. In thosae cases when N differs con-
siderably from unity, the formula for determining the hydrodynamic eafficiency has
the form

() m AL+ PNV
PR (A, +{PYV - {E} ~ (25)

We nota that the problem of swimming of various types of aquatic animals continues
to be of qgreat scientific interest and merits serious study both in the theoretical
and in the oxperimental sense.
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THE BYDRODYNAMIC CHARACTERISTICS OF THE CAUDAL FIN OF THE DOLPHIN
Kirv BIONIKA in Russian No 13, 1979 signed to press 14 Jun 79 pp 9-15

|Article by V. P. Kayan, Institute of Hydromechanics of the Ukrainian SSR Academy
of Sciences, from the collection "Bionika,” 1zdatel’stvo Naukova Dumka, 1,000
copies, 100 pages]

[Text) Investigating the hydrodynamics of swimming of fast-swimming aquatic ani-
mela is of great interest on the part of investigators working in the field of
hydrobionics. of spacial interest are animals which move by means of bending,
cscillatory motions of the caudal £in working like a flapping wing {specifically,
dolphins).

we previously found the hydrodynamic characteristics of swimming of the aphaline
dolphin by the kinematics of bending-oscillatory motions of the entire body (4] by
the calculating method based on G. V. Logvinovich's theory (7). The thrust and
{deal hydromechanical efficiency of the dolphin impeller and also the coefficients
of the hydrodynamic drag of the dolphin were determined as functions of the Reynolds
number and the mean value during oscillation and the sign of variation of speed of
awimeing [5).

However, since a number of assumptions was introduced into the calculating formulas,
it would be interesting to find the same characteristics by a different method for
comparison. The rasults of calculating the propulsive characteristics of the caudal
fin of a dolphin working like a flapping wing with known law of ite vertical and
angular oscillations are presented below. A method based on the hypothesis of
stability, i.e., on the assumption that the instantaneous forces occurring on the
wing during unsteady flow of a fluid over it, are determined only by the values of
the instantaneous angle of attack aj and speed Vi of the wing, was used for the
calculation.

The fundamentals of the theory of an oscillating wing are contained in the papers
of A. I. MNakrasov {8] and L. I. Sedov [10]. Experimental investigations on study
of the forces and moments occurring on a rigid wing making angular and vertical
oscillations in a fluid were carried out at different times by H. Hertel ([14],
Yu. N. Savchenko [9] and E. P. Grebeshov and O. A. Sagoyam [3]. Unswept [3, 14],
elliptical and low-aspect delta wings [9] were tested.

since the literature contains no data on the hydrodynamic characteristics of the
caudal fin of dolphins, some simplifications were made for calculation. The wing

10
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- was ragarded as rigid and the natural shape of the caudal fin of the aphaline
dolphin was replaced by a awept wing with aspect ratio of A = 12/s = 4 and taper
n = by/by = 4, where 1 = 0.52 m is the wing span and by = 0.059 m is the end chord
of the wing (Figure 1), equal to the caudal fin in area S = 0.077 m2 and by the
value of the root chord by = 0.236. The mean aerodynamic chord bsaxh of this wing
is determined by the known method [1] and is equal to 0.164 meter.

Q22n

1

1Q54m

Figure 1. Shape of Caudal Fin of Bottlenosed Dolphin and of Equal Area of
Swept Wing

The NACA-0018 symmetrical profile [6], whose aerodynamic characteristics for an
unawept wing of A = 6 are known and are presented in Figure 2 (Cy is the 1ift co-
efficient, Cx is the drag factor, k = Cy/Cx is wing efficiency and @ is the angle
of attack of the wing), was selected from the catalog as the wing profile. Figure
3 serves as justification for selection of NACA-0018 profile. Profiles 3 and 4 in
the forward part almost completely coincide, while they have a slight difference in
the tail part.

variation of the hydrodynamic coefficients of the wing upon transition from unswept
at A = ®to swept at A= 4 and n= 4 is shown in Figure 4. The functions Cy(x) and
Cy(Cx), found by wind-tunnel testing for plates in the form of wings of different
shape, are shown on the graph. Thus, by introducing the correcting coefficient to
functions Cy () and Cx(q) presented in Figure 2, we find the coefficients Cx and

Cy for a rigid wing of the adopted shape with NACA-0018 profile.

One can then determine the hydrodynamic forces on this wing at each moment of time
by the formulas [1l)
2

14
X,-= ,‘%"‘sn (1)
pv3 (2y
Y‘BC" -iiS.

i The unknown values of 0; and Vi are determined from the trajectories of motion of

- the caudal fin of the dolphin, found by making motion pictures in a biohydrodynamic
channei [12, 13]. The investigations were carried out with six bottlenosed dolphins
having length of L = 2,35-2,65 meters [5]. The components of the kinematics of
motion of the caudal fin of the animal under investigation were recorded with the

11
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Konvas-avtomat movia camera with RO-2ZM objective having focal length of 50 mm.
An electric timer was used to record the time intervals between movie frames [12].

M[x

8+

an
qn?
Q08

a0

A

g 4 4 12 8 Wgpw

Figure 2. Dependence of Rerodynamic Coefficients and Efficiency on
Anqle of Attack a

Figure 3. Comparison of Mean Cross-sectional Span Profiles of Caudal Fin
of Bottlenosed Dolphin (1) (11], of the White-Finned Purpoise (2)
{15] and Their Mean Value (3) to NACA-0018 Profile (4) [6]

Conditions where the dolphin moves in a straight line and where the plane of the
caudal fin doas not make rotary motions around the root chord, i.e., the caudal fin
is projected onto the longitudinal vertical plane XOY only by the root profile

which was replaced by a straight-line segment equal to the root chord (Figure 5, a),
were selacted for subseguent processing.
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Figure . Rerodynamic Characteristics of Plate in the shape of Urnswept
and Swapt Wing: l--unswept wing with A = o 2~-with A = 6;
3-~swept wing with A = 4 and n = 4

Key:
1. Degree

Let us plot the path travelled by the caudal fin in the longitudinal direction,
the number of frames on the movie film and time t in seconds on the x-axis. Let

. us plot the amplitude of vertical oscillations Ag of the caudal fin of the dolphin
along the v axis. Vvariation of the swimming spead Vo of the dolphin is shown in
Figure 5, b and of the speed Vy of the caudal fin in the vertical plane during the
period of oscillation is shown in Figure S, ¢, while curve Vy(t) is the same as
function Ag(t), but is shifted in phase by 7/2. The transverse speed of the fin
is determined as a function of the amplitude of vertical oscillations:

-24"- .
Vysm 3t == f (Ao 3)

The instantaneous spaed of the center of pressure of the caudal fin is determined
by the formula
V=V Vi4V).

4)
The angle of attack & of a rigid swept wing (here the angle of attack of the root
chord) is found as the difference of the angle of downwash y (i.e., the angle of
slope of the ingtantaneous speed vector to the direction of forward motion of the
center of gravity of the dolphin's body) and the angle of motion of the wing 3
:{.e., the instantaneous angle of inclination of the profile chord to the direction
of forward motion of the center of gravity of the dolphin's body) . An example of
variation of angles Yy and 8 during the period of oscillations of the caudal fin is
shown in Piqure 5, 4.

Wa find angle y from the ratio of speads Vo and Vy:

v
gr=—+}, (5)

and angle R is found graphically directly from the trajectory of the caudal fin
(Figure 5, a). Angle B is also the amplitude of the angular oscillations of the
profile around its own pressure center. It follows from comparision of Figure 5, a
and 5, d that the phase shearing angle § of vertical and angular oscillations of

13
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the profile is equal to 7/2. 1In the case of variable §, this corresponds to the
maximum efficiency of an impeller of the flapping wing type, all things being
equal (3].
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Figure 5. Kinematic Characteristics of Motion of Caudal Fin of Dolphin

Key:
1. Number of frame 2. Degrees

The nature of variation of the angle of attack of profile o during the period of
oscillation of the caudal fin, found by the method described above (i.e., & =
e Yy - ), is presented in Figure 5, e. Graph o(t) has a clearly marked maximum in
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the shapa of the surface during each half-period of oscillations and at the same
time when the vaiues of transverse speed V, of the caudal fin have the greatest
values. The maximum value of angle O whic{ we found from the trajectories of the
caudal fins of dolphins usually does not exceed 10° and the mean values are within
the range of 4-6°. According to lLang's data [15], obtained by computer calcula-
tion for a wing with the profile of the caudal fin of the common dolphin (curve 2
of Figure 3), cavitatior. on this wing begins at a = 4° and Vi = 11.7 m/s and at

a = 6° and Vi = 9.9 m/s (this corresponds in our case to the swimming speed of a
dolphin Vg equal to approximately 9.5 and 8.0 m/s, respectively), while the appear-
ance of cavitation on the caudal fin can be very painful for a dolphin.

Now, if the angle of attack and the instantaneous speed of motion of the wing are
known at each moment of time, one can determine the hydrodynamic forces X and Y by

- formulas (1) and (2). Having projected them onto the horizontal and vertical axes
and having integrated during period of oscillations T, we find the averaged values
of the horizontal thrust {T} and of the transverse force {F}:

<

{T}-.a-;‘- S(Y, siny,; — X cosy)) dt;
0 (6)
<

{ﬂ——L—S(Y,eos?.-l-X:siﬂ?:)d& (7)
0

For the case shown in Figure 5, the mean horizontal thrust of the caudal fin of
the dolphin with length L = 2.4 meters and weighing G = 140 kg is equal to 2.2 kg
- during the periocd of oscillations.

since the forward motion of the dolphin is usually transient, when processing the

graphs we determine the mean variztion of speed {V} and force {Ri} required to over-
come inertial forces during the period of oscillation:

: (R =ma (1 + k) (V). (@)

- where mq = G/g is the mass of the dolphin and k1l is the coefficient of recduced
mage datermined by nomograms (2] for the body of a dolphin replaced by an equiva-
lent allipsoid of rotation (the effect of variation of the body configuration of
the dolphin during the period of oscillations of the caudal fin was not taken into
account) .

We find the value of hydrodynamic drag as the difference of the thrust of the fin
{7} and inertial forces {Ri}:

{Ry={T}—(R}}. (9)

The values of the hydrodynamic drag coefficients of dolphins are determined by the

formula
2{R}
C=-—‘T— .
PR (10)
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The area of the wetted surface of the dolphin Q is determired from the resulcs of
measurements of its body and fins (5]. The results found previously [5] using
Logvinovich's formulas on the kinematice of bending-oscillatory motions of the
dolphin bedy at different accelerations of forward motion are represented in
Figure 6 by points 3-7. The pointe in the additional cizcles show the values of
¢ found by the method described above and calculated by formula (10). The de-
pandence of the drag coefficlent of a rigid body equivalent in shape and area to
the wotted surface of the dolphin body on Re number during completely turbulent
and laminar flow is shown by curves 1l and 2.

AN
SN

. . a a

reny- " on———

" L

J 4 5 6 7 g 9 " AY

Figure 6. Dependence of Hydrodynamic Drag Coefficient of Dolphin on Re
Number and Mean Acceleration of Motion: l-=~during turbulent
flow; 2--during laminar flow; 3--V = (0,35-0.70) m/s82; 4--vV =
= (0,10 30) m/s2; 5==V = (0~+0.07) m/s2; 6--V = ~(0,08-0.15)
m/82; 7--motion by inertia with nonworking fin

The hydrodynamic drag coefficients of the dolphin whose fin is assumed to be work-
ing in the flapping wing mode, found by using the quasi-steady approach, is approx-

- imately double the value of the same coefficients in all cases found in the same
awimming modes for the dolphin whose fin creates thrust by bending-oscillatory
movemsnts of the entire body (points 3-6).

The valuoe found by the quasi-steady method can be assumed the upper limit of co-
efficient { since the assumptions and simplifications made above exaggerate the
values of the asrodynamic coefficients Cx and Cy which are the basis for calculat-
ing the hydrodynamic forces on an oscillating wing. Thus, analysis of the movie
materiale shows that flexing of the trailing edge of the fin increases as the in-
stantaneous spaed Vi of the caudal fin of the dolphin increases and thus the angle
of attack of the rear part of the fin with significant area decreases. This leads
to a decrease of hydrodynamic forces X and Y on a flexible wing compared to a rigid
- wing and accordingly to a decrease of the thrust {T} of the dolphin fin, all things
baing aqual. Based on the foregoing, one may assume that the effective value of
the hydrodgnamic drag coefficient of the dolphin during uniform swimming at Re =
= (5-9)+10° is within the range of (3-1.5)+10~3, having a tendency to decrease as

Re number increases.
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Comparison of the raosults of calculating the thrust of the dolphin film by two
different methods shows their poor agreement and gives the upper and lower bounds
of the real values of thrust. However, the real caudal fin of a dolphin has a
flexible surface, flexibility along the profile and smoother streamlining., There-
fore, more pracise data by the method described above can be found after water
tunnel tests of models of the real caudal fins of dolphins and more precise deter-
mination of steraofilming of the components of trajectory of the caudal fin of the
dolphin.

10.

11.

12.
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UDC 532.6.04
A THIN PERMEABLE LIFTING SURFACE IN AN INCOMPRESSIBLE FLUID FLOW
Kiev BIONIKA in Russian No 13, 1979 signed to press 14 Jun 79 pp 15-18

{article by I. I. Yefremov, Institute of Hydromechanics of the Ukrainian SSR
Academy of Sciences, from the collaction "Bionika," Izdatel'stvo Naukova Dumka,
1,000 copies, 100 pages)

(Text] Solution of the problem of flow over a permeable 1ifting surface is of
intarast with regard to invaatigation of the hydrodynamic characteristics of the
wings of some birds. Investigating the affect of air permeability is also impor=-
tant to evaluate the effect of the porosity of the material on the hydrodynamic
characteristics of sails. The plane problem on a thin permeable profile was first
solved approximately by Kh. A. Rakhmatulin [4]. A precise solution of this problem
is given in [6]. The purpose of the given paper is to investigate the effect of
the finiteness of aspect ratio on manifestation of the permeability effect.

Let us consider the problem of steady vortex-free flow of an incompressible fluid
over a thin permeable wing of finite span. Parmeability means that the normal
velocity of the fluid particles encountering the wing differs from the normal
velocity of the wing points by a value called the permeation rate.

Actording to Kh. A. Rakhmatulin's model 4], a wing is uniformly permeable at all
points and the permeation rate is a function of the pressure drop along the wing.
Specifically, the depandence of the paermeation rate on pressure drop is taken as
linear:

P =Py

v,-x_.:___-

P

(1)

where ® is the dimensionless coefficient of permeability, p- and p, are the values
of presaure on the lower and upper surfaces of the wing, respectively, and V. is
the valocity of undisturbed flow. Assuming that the wing is thin, slightly dis-
torted and presented at a small angle of attack to the incident flow, let us con-
sidexr the problem in linear postulation.

Lot us conhect a movabla coordinate system to the wing, having combined the origin
with tha inlet edge of the wing root section. Let us direct the Ox axis along the
volocity of incident flow, the 0z axis vertically upwards and the Oy axis in the
direction of the span to obtain left~hand cocordinats system Oxyz.
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The houndary value problem of flow over a thin permeable wing of finite span is
formulated in terms of accelaration potential ¢(x, ¥y, z).

As iz known (2, 3], the following relations occur in linear airfoil theory

—0'?:? = No, . 55(-;2)

where o(x, v, z) is the potential of disturbed velocities, which is a harmonic
function in the flow region. Since 6 and ¢ are linked by a linear differential
operator, the acceleration potential satisfies the Laplace aquation

Poy =P

B(x, 4, 2,1)=

ABm=sQ outside S.
; (3)

lera & is projection of the wing onto plane xOy. If 2 = f(x, y) is the equation
of a lifting surface, the boundary condition of flow over a permeable surface has
the form

F) 0 —-6___ ,L-ﬁ'
Ps lgmg = Ver 'a‘f;‘*'"‘i,:"" gor (W Y)ES. (4)

Henco, it is eaay to find the boundary condition for vertical acceleration 6,.
Howaver, since the differentiation operation used in transition from velocity
potential to acceleration potential can lead to a loss of terms corresponding to
boundary cordition ¢z = const, let us satisfy the flow condition for the value of
a vortical rate of disturbed motion. To do this, let us use the recovery operator

»
- i
PN o S 8(r, 4, 2) dv.

-0

(5)

Then condition (4) is written thusly:

I
1 49 6, —8
i SO(I,y,O)drgau_.g’?.{.x_*_é_..:, (6)

At infinity the scceleration potential should disappear:
" e
3 0-—+0 at ’=sz+.‘/z+zz"’°°' (7

The pressure is continuous on the outlet edge: B4 = B-. The wing is a surface of
pressure discontinuity and consequently of acceleration potential as well. Let us
scive boundary valua problems (3), (6) and (7) in the form of double layer potential
with intensity:

84— 0_ =0l (x,y), ®)
0 "?"Hv(i ) : ‘ dtd
ex VG (9)
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Figure 1., Dependence of Lift Coefficient (a) and Longitudinal Moment (b)
of Unswept Finite-Aspect Wing on Degree of Permeability

Having substituted equality (9) into condition (6), we find the integral equation

1o (v VE=E TG —np P
b WU y—= [1"‘ x,—&y u ‘ﬁd'l""—"af?- (10)

Yy €S.

Pquation (1.0) can also be found by using the vortex scheme of a finite-gpan wing
and by replacing the latter with continuous distribution of U-shaped vortices with
peaks at the wing points (S].

Let us consider an unswept wing

1+d

1 (&, n) l___E_..__"— -3
"?("'9)"?:?5 _E(u-—n)‘[l'*" V(x—ES'+G-n)‘ldEdn o

(11)

(the special integral should be understood in the sense of Mangler [5]1). Let us
use the discrate vortex method for numerical solution of equation (11). To do this,
let us divide the half-span of the wing into K parte and let us assume that the
intenaity of tha U-shaped vortices inside each segment is independent of n. Let us
satisfy the boundary condition (4) in the middle of the small interval. Let us use
the "3/4" method in the direction of the chord [1]. Thus, we find a system of
linear alyebraic equations

21
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PFlgure 2. Variation of Position of Pressure Center of Unswept Wing as a
Function of Coefficlent of Permeability

- Ater solution of system (12), the aerodynamic characteristics of a permeable
wing ls found by the formulas

- 2 & 2 (14)
Cy =MT 2'\’“, Cmam- E 2 Ejv .,
-] Vewl Jua] Yom} »

The calculations were made* on a BESM-6 computer using FORTRAN algorithmic language.

*
The calculations on the computer were made by M. E. Marko.
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The numbar of wing divisions along the span to K and along the chord M was varied
in the calculations as a function of aspect ratio. Thus, K= 12 and M = 5 at

- Ae 2b=8and K= 5 and M = 12 at A = 0,5, The results of calculation of Cz and
Cm atre presented in Figure 1, Hence, it is obvious that the effect of permeability
on thn valua of the lift coefficient becomes weak as aspect ratio decreases., How-
ever, the centar of pressure iag shifted toward the center of the chord as permeabil-
ity increases (Figure 2). This shift is especially appreciable at low aspect
ratios. The load distribution along the span also becomes more uniform and de-
creases sharply in value only near the lateral edges. Tha indicated circumstance
for a salo is very undesirable since it leads to an increase of the rolling moment.
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UDC 591.524;591.177
HYDRODYNAMIC EFFECTS OF A TRAVELLING WAVE
Xiev BIONIKA in Russian No 13, 1979 signed to press 14 Jun 79 pp 19-24

[Article by Yu. N. Savchenko, Institute of Hydromechanics of the Ukrainian SSR
Academy of Sciences, from the collection "Bionika," Izdatel'stvo Naukova Dumka,
1,000 copiés, 100 pages]

[Text] Interest in study of flows along a travelling surface wave was aroused by
the bionic investigations of Essapian and Kramer, who suggested that the "travel-

. 1ing folds" on the skin surface of the dolphin may affect swimming speed [5, 10).
The investigators feel that detailed study of the hydrodynamics of travelling waves
would yield data of fundamental importance for hydromechanics.

Bionic obmervations require scientific explanations and a subsequent number of
papers laid the basis for the new trend of investigations in hydromechanics related
to travelling waves as a possible mechanism of drag reduction (1, 2, 4, 6].

Tha hopes of investigators were justified: digital computer calculations ang direct
axperimanta in a hydrodynamic laboratory ghowed that a vortex flow, clearly visible
on photographs with prolonged exposure of the travelling wave model (Figure 1, a-b),
is formed in the depressions between travelling waves under specific conditions.

A special model of the travelling wave which permits consideration of the flow
formed in coordinate system OXY bound to the wave crest and moving at phase veloc-
ity Vg in an incident fluid flow at velocity Ve was used both in the experiments
and in digital computer calculation. The wavy surface boundary v = a sin (Wt + kx)
in this coordinate system becomes a fixed surface in which each point slides along
the tangent toward the incident wave at velocity of -Vg. The relative velocity in
this case is equal to Vgq = Vy, ~ Vg and V£ = Vg.

An experiment on flow visualization was conducted in a flow channel on a model con-
taining four waves of length A = 110 mm and amplitude 2A = 45 mm on its surface at
Reynolds numbers of Rp = Vel/V = 0.12:106-0.3:106 and R) = Ve\/v = 0,2-105-0.5.105.
From comparison of the flow patterns found by digital computer calculation [2]
(Pigure 1, c) and observed in experiment during water flow over the model; their
total agreement is obvious.

The investigations showed that stable periodic flow in the form of vortices between
wave crests occurs only in the case when the phase velocity of the waves comprises
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half the incident flow velocity, i.e., Vg/Ve ~ 1/2. The value of this ratio appa:-
ently corresponds to the minimum tangent stresses in interaction of the resulting
vortex flow with solid boundary and external flow.,

Experiments to mesasure the force interaction of a surface with a trnvelling wave
and the tlow around it {6] showed that the drag cosfficient Cx = 2Ryx/ v2s is
strongly dependent on the value of the relative phase velocity Vf and may become
less at Vg » 0.6 than that of an equivalent smooth plate [6]. The drag coefficient
Cx is no longer dependent on Reynolds number in this case, which can be explained
by formation of a stable periodic flow along the entire surface when the drag coef-
ficient of each of the cells of the travelling wave is no longer dependent on its
position in the row.

Unlike a surface with fixed boundary on which negative work is carried out to re-
duce the energy of the incident flow, a travelling wave on the surface may increase
the flow energy, which is observed in the case of formation of a stable secondary
vortex flow in the depressions between travelling waves when the directions of the
normal velocity components of the boundary and flow coincide.

It is obvious that specific work, datermined by energy expenditures to form a
vortex flow and to maintain it on the flow surface, must be completed to increase
the flow energy. The energy expenditure to create a stable system of secondary
vortex flow can be estimated in the following manner.

Lot us consider a vortex pinch of radius r and length 1 rotating at angular rate
1« Va/2r in the depression between travelling waves in the coordinate system XOY
bound to the center of the vortex (Figure 2).

The momant of the viscous forces applied on the boundary of the vortex pinch rotat-
ing as a single whole from the direction of the surrounding fluid can be estimated
by uaing the known solution of the Navier-Stokes equations for a vortex in an in-
finite fluid (8]:

M = dapolr, (1)

Taking into account that a specific number of waves n = L/\ is added simultaneously
on the flow surface of length L and width 1, we find for the energy expended per
unit time to maintain the entire vortex system

Ny = nMw == 4rvpot3IL/A. (2)

This formula permits one to estimate the value of the viscous losses to dissipation
of tha vortax system of the secondary flow along the entire surface with travelling
waves. The energy expended on formation of vortices is equal to the kinetic energy
of the vortices formed per unit time on the flow surface.

According to experimental data, a stabls secondary flow is formed at phase velocity
of travelling waves of Vg = Ve/2. 1In this case ni} = Ve/2\ vortices whose centers
are moved along the surface at velocity Ve/2 are formed per unit time. Since the
kinatic energy of the forward motion of the fluid included in the formed vortices
is agqual to No = lpﬂrzvg/4k upon inleakage to a surface with a travelling wave and
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since Ng = 1pmr2v3/16A on the surfaca itself and in the wake, the energy expended
per unit time to grake the forward rotion of the fluid is determined by the formula

Fiqure 1. Flow Pattern Along Travelling Wave: a--flow in depression between
wave crests at Vg = Ve = 0; b--at Vg/Ve = 1/2; c--digital computer
calculation of flow pattern; d--flow along surface of model at
VE/Vg = 1/2

3pnrsVy )
Nom= No— Ne m= et . (3)

26
" )R OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060001-1



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060001-1

FOR OFFICIAL USE ONLY

Figure 4. Dlagram of Vortex Arrangement Along Surface of Travelling Waves

The kinetic energy of the vortex system during its rotational motion at rate
w ~ Vg/2r is found by the formula

prravy
327,

No = 4 Jutl 2 : (4)

whera J = (1/2)pnrd is the moment of inertia of the circular cross-section of
radius r.

- Adding sxpressions (2)-(4), we £ind the approximate estimate of the energy taken
: £rom the incident flow by the vortex system of a travelling wave:

Ny =Na+Not Ny w3 oVaLI (14 5 (1) Rec). 5)

where Rey; = Vgol/V is Reynolds number along the length of the model L.

Comparing the value of Ny to the energy consumption per unit time in a turbulent
boundary layer (9]

1oyt (6)

v? - P
Nore == § 252 IL = 0,0307 (Rey) 7 3% L,
wa find some coefficient of boundary wave effectiveness
N Lp.T 1, 3 (r} 7
n 7 — .
n= 5= g7 T k& [Re‘ +t@ (T) J )
For large Reynolds numbers, expreasion (7) has a simplified form
1
;. (8)

] n=19,2 4-Re
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Am can be scen from expressions (7) and (8), the effactivenass of the travelling
wave depands on dimensionless parameters r/)\, r/L and Raynolds number. For ex-
ample, the coefficient of travelling wave effectiveness is n= 0,125 at /) = 0.25,
r/1, = 400 and Rey, = 107, which corresponds to energy expenditures one~eighth those
in a turbulent boundary layer and is an estimate of the maximum possible advantage
of dragq,

Since realization of a specific coating containing a device to generate travelling
waves is fraught with great difficulties, the mechanism of travelling wave genera-
tion in the auto-oscillation mode, which occurs during flow over an elastic shell
(4}, is of great interest. It is known that transition of laminar flow in a boun-
dary layer to turbulent flow occurs with variation of dynamic stability in the
boundary layer, which is characterized by critical Reynolds number of Rekr =

= 3,5 (105-106), At Reynolds numbers less than critical, the viscous forces in
the fluld predominate over the inertial forces and the damping properties of vis-
cosity are sufficient to maintain flow stability. As Reynolds number increases,
the ratio of inertial to viscous forces increases proportionally and equilibrium
iw inevitably violated, leading to the occurrence of auto-oscillations in the
boundary layer.

v #ey

4
\T /

Figure 3. Diagram of Travelling Surface Wave with amplitude n (t, x) on
- Cylinder of Radius R

Theoratical analysis and experimental investigations showed that the auto-oscilla-
tion process is characterized at near-critical Reynolds numbers by the natural fre-
quency which can be accurately predicted as a function of Reynolds number (4, 9].
Thus, auto-oscillations with phase velocity of VE = 0.42 Vg and with wave number of
k = 0,487 Ve.10'3/v occur in a laminar boundary flow at critical point xkr =

= {112:10% V)/Ve on a rigid semi-infinite plate.

: tipon the onset of the auto-oscillation mode, it becomes possible to select the
parameters of an elastic boundary surface such that waves with phase velocities and
wava numbers corresponding to auto-oscillations in the boundary layer may appear on
it. The drop of the resulting secondary flow can be prevented and it can be main-
tained on the entire flow surface with corresponding adjustment of the parameters
of the elastic surface. In this case periodic flow characterized by wavelength of
A w 21/k = 12.9(V/Ve) and frequency w = kVf = 0.42 Vek = 204 Vg and n = w/2w =
= 30.4 Vg occurs on the elastic flow surface of the hydrodynamic object.

If the phase velocity of the travelling wave becomes higher than the incident flow
valocity, a thrust may occur whose value can be estimated from positions of the
theory of swimming of a flexible body [31.
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Let us consider motion of a body with flexible lateral surfaces (Figure 3). 1In
the given case the main cross-section of a body of radius R will not make transverse
oscillations, while the transverse variations of shape will be accomplished only due
to daformations of the flexible surfaces adjacent to the cylindrical hody. The
{nstantaneous inertial force applied to the alement of the deformed surface will be:

.
-dF,‘==7f’; [m-(%‘?_v-ag)]m. (9)
where determines the shape of the body surface, m* = anz is the

virtual mass of the body cross section and V is velocity. The suction force, due
to the constant cross-section of a cylindrical body on a segment with travelling
wave R = const, will be equal to zero:

Thus, the thrust on the section of a surface with travelling wave will be created
only due to hydrodynamic forces of the inertial nature of (9). The mean value dur-
ing the period will be determined by integration of equation (9) along the length
of the active section of surface L and time of period T:

T L

Fim 7 Y] [ (3 =V 3 o ao)

Projecting (10) onto horizontal axis OX, we find the value of the thrust caused by
inertial force

L

T
_m. (x 0 d * tX)
] Fe Tlfwaﬁ?rzr(@%i""(f)’-"%,—)-)dx- (11)
The law of deformation of a flexible surface is given in the form
A/ —
n(t.x)w(m—ex)sm( —'LE-‘-) (12)

where Lp = L/2 n and Vg is the phase velocity of the waves. Assuming that V =
_ = const, . = const and V¢ = const and integrating expression (11), we find

= (3 () ()b )

- (]
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hence, it follows that the thrust force Fx will also bs equal to zero in the case
of a travelling wave of constant amplitude (z = 0).

1f phase velocity is introduced in the form Vg (t) = Vgg + bt, the corresponding
incramqnt of Zhrunt force Fy will be determined by the formula

Fag o 7 20m

n4 1%% . with accuracy to second-order value of smallness. In

thias case the sign of the increment will depend on the sign of the coefficient of

the phase velocity increment b{m/s2]. As can be seen from formula (13), an increase

of the values of thrust Fy is combined with the increage of the travelling wave
amplitude due to parameters Ny and €,

10.
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UDC 591.524;591.177

iR MONOFLIPPER~-A PROMISING WAVE IMPELLER FOR FAST SWIMMING IN THE FASHION OF
DOLPHINS

Kiev BTONTKA in Russian No 13, 1979 signed to press 14 Jun 79 pp 24-35

{Article by S. V. Pershin and G. N. Orlov, Leningrad State Institute of Physical
Culture imeni P. F. Lesgaft, from the collection "Bionika," Izdatel'stvo Naukova
pumka, 1,000 copies, 100 pages)

(Text] An increase of the propulsive qualities of man when using muscle energy to
swim with the simplest individual mass-produced hardware is timely with regard to
davelopment of the off-shore shelf of the world ocean. This hardware should in=
clude various types of flippers, which have long been widely used in sports and
racreation, but which can be improved. Underwater swimming using special aquipment
ar one of the technical aspacts of sport of applied significance is also important
(6],

Ordinary mass-produced double flippers are well known, by using which the trained
athlete increases swimming speed to 15-20 percent in surface or underwater swimming
comparad to swimming without flippers over the same distance. Some characteristics
of these Soviet-produced flippers are presented in the summary [1]. One of the
best is regarded as the domestic plant-produced Del'fin rubber flippers with over-
all length of 0.55 meter, with paddle 0.225 meter wide protruding behind the shoe
and with area of working surface of 0,066 m2. The mass of both flippers is 1.9 kg
and the mean thrust developed by them is approximately 21 kg. Each of two flippers
is a unique flapping impeller of the swirmer.

The oxperience of sports competitions showed that the working surface of the flipper
mhould be increased significantly and the paddle should make a longer stroke bending
on the wave trajectory to further increase swimming speed by the fastest (free-
atyle) crawl method with alternation of swimming motions of both faet of the swim=
mar. 'Thus, alongated high-speed double flippers manufactured by athletes themselves
individually on the basis of mass-produced rubber flippers, but with lightening of
them and attachment of thin working paddles of metal or fiberglas laminate, appear-
ad for the first time in our country. As a typical example let us demonstrate (3]
the homemade elongated high-speed flippers with paddle of sheet fiberglas laminate
having total length of 0.75 meter, paddle width of 0.22 meter and working surface
area of 0.092 m2, which is almost 1.5-fold larger than those of common plant-
manufactured rubber flippers. All high-speed heats using the crawl with flippers
are now carried out in competitions only using similar elongated high-speed
flippers.
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In 1969 athletes also manufactured for the first time in our country and success-
fully used the monoflipper with large thin titanium paddle for high-speed swimming
in the fashion of dolphins, i.e., with simultaneous swimming motions by both feet
[11]. The idea of using a monoflipper is that the swimmer makes active forward
motions in the vertical plane not only with his extremities but with the entire body
in the method of swimming like dolphins and therefore the largest groups of human
muscles--the back and stomach--are used efficiently, which permits one to achieve

» an additional increase in swimming speed. A subsequent sports experiment confirmed
the feasibility of using a monoflipper and it is now used extensively in male and
female competitions at all swimming distances with record-producing results. 2as
before, the monoflipper is manufactured by the athletes themselves on an individual
basis, but using specially treated fiberglas laminate for the working paddle of the
flipper, performing laborious production operations manually.

Figure 1. Athlete With Monoflipper in Underwater Swimming in the Fashion
of Dolphins in a Pool (Stop-Action Photograph)

The authors of this article, so far as is known, first conducted systematic inves-
tigations of swimming by athletes using a monoflipper according to a rather exten-
sive program. Brief data on the method and some preliminary results of hydrodynamic
tests are presented below.

In an underwater photograph (Figure 1), the swimmer is recorded with the body in an
almost level position and the arms are extended. The main impeller is a large-area
monoflipper consisting of a pair of rubber shoes attached to a single sheet paddle
of fiberglas laminate. The given material was preferable because it has low den-
sity of approximately 1.6 g/em3, is easily flexible and is easy to machine. A
number of longitudinal bands is visible on the paddle--these are depressions cut
manually during manufacture of the monoflipper over part of the thickness of the
fiberglas laminate sheet. Athletes state that these longitudinal depressions are

- supposedly necessary for stability and to prevent transverse yawing of the mono-
flipper in its extreme positions at the crests of the wave trajectory. However,
the longitudinal cuts undoubtedly increase the hydrodynamic drag of the monoflipper.

Study of monoflippers (Figure 2) used by approximately 20 highly qualified athletes

shows that the monoflipper paddles are manufactured in different shapes and sizes,
being guided mainly by intuition and available experience. The determining factors
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Figure 2. Modern Monoflipper of Fiberglas Laminate With Rubber Shoe (photo-
graph from both sides, the length of the ruler is 0.35 meter)

are assumed to be the sex of the athlete, his height and weight, typical sprint
and long distances and the elastic properties of the fiberglas laminate sheet, but
it is not yet possible to take all these factors into account completely. The
usual shape of the monoflipper paddle, besides that indicated in Figure 1, is
trapezoidal, close to a semi-ellipse and so on. The dimensions of the monoflipper
vary in the range of total length together with shoes of 0.65-0.90 meter, span of
0.65-0.87 meter and area (on one side) of 0.30-0.45 m2, which far exceeds that of
two elongated high-speed flippers. The total weight of the monoflipper does not
exceed 2 kg and swimmers feel every 0.2-0.3 kg of excess weight over a distance.
It is assumed that the highly qualified athlete develops an average thrust on the
order of 30 kg or more when swimming over short distances with a monoflipper. This
permits one to achieve an average swimming speed (when diving) up to 2.75 m/s,
which is close to the maximum value for man according to physiological indicators.

frames No. 13-16 of underwater motion picture of tracking
i camera with speed of 24 frames per second)
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Let us present data of underwater photography of a diver by a tracking camera
(Figures 3 and 4) for the physical characteristics of the work of a monoflipper.

It follows from analysis of Figure 3 that a monoflipper, including its working pad-
dle of sheet fiberglas laminate, bends significantly during longitudinal forward
motion of the swimmer and transverse oscillatory movements with the trunk and legs.
The monoflipper is seemingly insoribed into tha wave trajectory, being the remult
of application of both types of motions. On the other hand, it is obvious from
the motion-picture frames of Figure 4 that the solid vortex shroud is separated
continuously in time and over the entire span of the monoflipper during intermedi-
ate stages of thrusts by the manoflipper from the rear edge of its paddle. Hence,
it follows that a monoflipper is distinguished hydrodynamically from V. V.
Golubev's well-known idealized scheme of a flapping wing with inverted two-row
checkerboard pattern of the concentrated vortices in the wake [2].

A general idea of the motions of an underwater swimmer using a monoflipper during
several cycles can be gained by the cyclogram (Figure 5). It was taken by a movie
camera rigidly attached to the vertical wall of a swimming pool and the swimmer
covered a distance parallel to the wall (along the second track of the pool) at a
distance of approximately 5 meters from the line of sight of the movie camera. The
film was made with the lights turned off and the typical points of the swimmer's
body were noted by blinking electric lamps. The movie camera in a waterproof box

- was supplied with a shutter--a rotating disc with cutouts, which permitted one to
make the filming process continuous with known time periods. A single frame of a
swimming athlete was taken with pulsed light flash.

Figure 4. Separation of Vortex Shroud From Edge of Monoflipper (visualiza-
tion of air bubbles from the athlete's agualung and was photo-
graphed with angle of approach by the tracking camera (selected
frames 32, 34, 36, 38))
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Analysis of the cyclogram shows that while the swimmer's wrist follows an almost
straight line (Figure 5, a), the point near the center of gravity of the body
describes a curvilinear trajectory (Figure 5, b) approaching a sine wave of com-
paratively low amplitude and the outlet edge of the monoflipper paddle describes a
high-amplitude curvilinear trajectory (Figure 5, c) and differs appreciably from a
sine wave. As can be seen, when swimming with a monoflipper in the fashion of
dolphins, the swimmer makes periodic bending oscillations continuously with the
entire body in the vertical plane with a phase shift of the trajectories of the
indicated points. Thus, a deformed elastic travelling wave with increasing ampli-
tude, which is periodic, but not harmonic, moves backward along the swimmer's body
and the monotiipper during their forward motion. This complex inverse travelling
wave of the swimmer's body is generated on his wrist and terminates on the outlet
edge of the monoflipper paddle and its passage is easily visualized when observing
from the side of the pool.

Figure 5. Cyclogram of Trajectories of Typical Points of the Body of an
Athlete Using a Monoflipper Underwater in a Pool: a--wrist;
b--point near center of gravity of body; c--outlet edge of
monoflipper (taken with a fixed movie camera having shutter
and photoflash)

We note that the given cyclogram permits one to carry out numerical processing in
the length scale--by known anthropometric data of a swimmer recorded in the frame
{or by a ruler) and in time scale by the known characteristic of the movie camera

- with shutter and with dashed lines of the photographed trajectories. The processed
- cyclogram provides important quantitative information (see below for this).

The wave trajectories of two points in swimming by an athlete using a monoflipper
are of greatest interest, namely the center of gravity of the body and the middle
of the terminal edge of the monoflipper paddle (Figure 6). Both trajectories are
superimposed on a single sheet of paper by superposition of a number of sequential
movie frames on l6-millimeter film, magnified 25 times using a projector tube, and
the projections of the frames are combined by frames. The points given above, cor-
responding to each frame, are denoted by identical numbers. The position of the
swimmer whose silhouette is shown in Figure 6 when the body is level and the end of
the monoflipper paddle occupies the lowest position is taken as the zero frame.
- Care was taken to see that no less than 1.5 waves of the body and monoflipper were
: placed within the figure, which is required for further proecessing of the data.
The latter is also important due to the fact that the linear scale in the movie
frames varies to approximately +2 percent of the average value when an athlete is
swimming in front of a fixed camera, which can be taken into account specifically
by reading the centex of gravity of the body backward along the trajectory.
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X (Ard 400

Figura 6. Scale Movie Film of Wave Trajectories of Two Points--Center of
Gravity of the Body and Middle of Terminal Edge of Athlete's
Monoflipper (the numbering of the points on both trajectories
corresponds to the simultaneous position of these points on the
movie frames taken by fixed camera at speed of 24 frames per
second)

Typical data for an international class master of aport in a record-breaking heat
in a swimming pool at a distance of 400 meters using an aqualung are presented in
Figure 6. The athlete held a small compressed air tank in front of him in his ex-
tendod hands and swam at a depth of 1,22 meter of the center of gravity of the body
under the surface of the water. The longitudinal axis of motion was somatimes in-
clined to + 3°, Forward motion of the swimmer during a single cycle, corresponding
to the rise and fall of the monoflipper, or his action was & = 1.51 meters. The
wave trajectory of the center of body grativy is almost symmetrical with sweep of
0.16 meter and with mean curvature of approximately 1/4. The wave trajectory of
tha cantor of the terminal edge of the monoflipper paddle is clearly asymmetrical
and ite swaep ls A = 0.63 meter, the mean curvature ig cloase to unity or the wave
front has a slops at an angle of approximately 45°, In the given case the axes of
both wavas are parallel to each other, but do not coincide. They lag by 0.20 meter,
which increases the swimmer's hydrodynamic drag. The noncoincidence of the axes of
both trajectories can be explained by the different upward and downward flexibility
of the human legs when swimming due to the known structure of the knee and ankle
joints.

It is intereating to note that a time of Tp = 0.46 second or 0.69 period was expend-
od to raise the monoflipper (upward thrust) and a time of Tg = 0.21 second or 0.31
period of a cycle was expended to lower the monoflipper (downward thrust) when an

- athiate was moving during a single swimming cycle with period of T = 0.67 second,

) i.e., at fraquency of n= 1/T = 1.49. 1In this case the swimmer moved a distance of
B sp * 1.00 meter, equal to approximately 2/3 of action, during the rise of the mono-
flipper, while ap = 0.51 meter, i.e., 1/3 of the action during lowering of the
monoflipper. Thus, the opinion widely held among athletes that the upward thrust
with the monoflipper is seemingly passive and has no great significance in the
swimming cycle is refuted.
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The nonuniform thrust by the monoflipper during the cycle should be emphasized.

- The transverse or vertical components of the speed of the end of the paddle are

- nignificantly different with an average of Wp = A/Tp = 1.37 m/s during raising and
Wo = A/Tq w 3.00 m/s during lowering. Nevertheless, the mean longitudinal or

: hocdzontal components of speed of the forward motion of the swimmer during the
indicatad parts of the period are sufficiently close: Vp = sp/Tp = 2.18 m/s during
raining of the monoflipper and Vp = 8g/Tp = 2.43 m/s when it is lowered.

The average forward speed of swimming in the consideraed cycle is V = /T = 2.25 /s,
The Strouhal number, expressed by the maximum sweep A of oscillatory motion of the
monoflipper, 'a equal to

Shk-”—é'uo,4l. (
1) -

The value of the Strouhal number is typical: it corresponds to the maximum high
value of that for aerohydrobionts with slow flight and swimming and with relatively
large sweep of oscillatory motions with the wings and fins in some species of in-
pects, birds, fishes and dolphins. This indicates features of similarity between
reemingly such diverse phenomena as follows from the universal criterial function
Shp (Re) in (9], compiled from experimental data over a wide range of values of
Reynolds number Ra = 103-106,

Using Golubev's formula [2], for the aerodynamic efficiency of a flapping wing in
tha given casre of swimming by a qualified athleto using a monoflipper, we find

0i7T4+5h
N= 04 5h &< 0,60. @)

A value of n = 0.78, for example, for Shy = 0,32, is possible in other cases of
awimming. The progressive travelling wave along the swimmer's body, which has a
use ful hydrodynamic effect on formation of the flow impinging on the monoflipper,

{s not taken into account in formula (2) for a flapping wing, The value of N = 0.50
is probably low.

Let us explain the nature and parameters of the travelling wave on the fragments of
Pigure 7, which is a series of point drawings from magnified movie frames in scales
of distance x along the horizontal and time t along the vertical, i.e., in coordin-

- ates x(t), for the other case of underwater swimming by an athlete using a mono-
flipper. Selective frames 0, 4, 8 and 10 with initial spacing every 4 frames and
then avary 2 frames (at writing speed of 24 frames per second) are shown in Figure
7. Forward-sloping line coc4cgclo is drawn through the center of body gravity in
these frames. It indicates the sequential motion of the swimmer from left to right
from the initial vertical cpch. The line mymgmyg is drawn with reverse slope -
through the highest points of the instantaneous positions of the monoflipper paddle
in thase frames., Tt shows the passage through the extreme value by the highest
point of the travelling wave along the swimmer's body and the monoflipper from right
to left, which is obvious when the line is compared to the corresponding positions
of local verticals mgmy and mamé. The auxiliary line mymy is parallel to line cqcgs
whila line memio is parallel to line cgyg°
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0 8

Figurs 7. Fragments of Processing of Movie Frames by a Fixed Camera in
Length-Time Coordinates in Underwater swimming of an Athlete

Using a Monoflipper

- 1t is obvious that the ratio (mg - mg)/(tg = t4) = V is the value of the local
swimming speed of the athlete from left to right, while the ratio
(mg - mg)/(tg = t4) = C is the value of the local propagation speed of the travel-
ling wave along the swimmer's body and the monoflipper in the opposite direction,
i.e., from right to left. According to absolute value, [C| > [vl, or |crv| > 1.
One can also follow further in similar fashion from frame to frame and one can also
superimpose the line of propagation of the extreme value with the highest point of
the travelling wave and so on if possible.

The space-time data of the movie film of the type of Figure 6 can be used to
determine the parameters of the travelling wave, bearing in mind that it contains
no fewer than three pairs of corresponding points with the lowest and highest posi-
tions of two wave trajectories--for the center of body gravity and the center of
the terminal edge of the monoflipper paddle. This permits one to easily construct
the reduced graph x(t) on which straight lines of minimum and maximum propagation
of both wave trajectories can be drawn through each pair of indicated points and
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the langth of the travelling wave X and velocity C can be determined. In the con-
gidered case X * 2.10 meters, C = 3.0 m/s and therefore C/V = 1.33 or V/C = 0.75.
With an athlete's height of H = 1,82 meters, the total length of his body together
with arms and part of the monoflipper extended is equal to L = 2,82 meters. A
value of IiX = 1.34 of the travelling wave is contained on this length.

Returning to Figure 7, we note the remarkable fact that the flow boundaries were
vigualized under conditions of an athlete swimming a heat in a pool. Here a is the
vinible outer boundaries of the region of water disturbances caused by the swimming
of an athlcto using a monoflipper, b is the boundaries of the water jets flowing
from the terminal aedge of the monoflipper paddle and 4 is some individual region

of elliptical shape in the vertical plane. It is obvious that the upper external
curvilinear boundary should be the bends and protruding parts of the athlete's body
and the monoflipper, it lags quite far behind them and the region of water disturb-
ances is very wide. This indicates interrupted flow over the athlete's body and
primarily flow over the poorly streamlined cylindrical compressed air tank located
in front of the athlete. The water jets leave the monoflipper paddle along the
tangent, by which the Zhukovskiy-Chaplygin postulate is satisfied. With regard to
rogion d, its boundaries are clearly distinguished on the movie frames, but its
nature remains unclear. It is possible that this is one of the concentrated vor-
tices, but the problem requires additional special investigation.

The foragoing provides the basis to use G. V. Logvinovich's formulas [4, 5] on the
hydrodynamics of a deformed body and to use tha "penetrated layer" concept to cal-
culate the swimming of an athlete using a monoflipper. Since the existing mono-
flippers have aspect ratio of A = 12/F = 0.9-1.7, where 1 is the width of the mono-
flipper along the outlet edge and F is the lifting area of the monoflipper (on one
side), the calculating formulas, according to [4], will be the following (in our
notations).

The mean value of the active thrust is
3 af/C\8
=i (4[5 1)
The hydrodynamic efficiency is

n-=-l-(1+~'¢’-)- (4)

As can be seaen, the ralative parameters of the travelling wave A/X and C/V which
characterize its steepness and propagation speed and also the width 1 of the mono-
flipper along the outlet edge are of main significance in the given theory for
thruat. All these parameters are squaraed in the formula of (3], i.e., the depend-
once on them is strong. This requires sufficiently accurate management of the kine-
matic experiment, which is not always achievable in the case of hydrobionts.

- Substituting the calculated values given above into formulas (3) and (4), we find
P « 38.8 kg and n = 0,87 in the considered case. Taking the known prerequisites
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Figure 8. Dependence of Drag on Speed of Towing and Swimming of Trained
Athletes Without Flippers (Males, Mean Values for Groups of

- 3 to 10 Persons): l-~towing of athletes in level position with
extended arms by winch, average height of 1.75-1,80 meters and
weight of approximately 80 kg; 2--the same, with average height
of 1.70 meters and weight of 65 kg; 3--active swimming of ath-
letes in frae style and breast stroke on surface of water oppo-
site the current in a physiological swimming pool, height of
1.80 meters and weight of 75 kg (according to "c"), or ordinary
swimming in a pool, average height of athletes of 1.75 meters
and weight of 78 kg (according to "d")

Keys
1. Kilograms 2, M/s

and assumpticne of this theory into account, we assume that both values are some-
what axxagerated. To determine the mean thrust over the entire swimming distance
of 400 metears, we took the absolute value of the mean speed of the heat of V =

- = 1,94 m/s in calculation according to (3), according to the accurately recorded
rasult of 3 minutes 26,2 seconde (unlike the relative values of A,Y and C/V found
for a single typical cycle, It is of interest to compara the derived value of
thrust P to the total drag of the athlete R, assuming that on the average P = R.

We processed the experimental data available in the literature (Figure 8) to de-~
termine the latter. The primary source of these experiments was underwater towing
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of 9-10 athletes without flippers in the pool of the L'vov Institute of Physical
Culture [7) (Figure 8, a), towing of an athlete in the Swedish Experimental Pool
{14] (Figure 8, b), systematic testing of the swimming physiology of man by Swedish
sports organizations [13] (Figure 8, c) and systematic tests of the swimming energy
of 10 athletes at New York University [15] (Figure 8, d).
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Figure 9. Dependence of Hydrodynamic Drag Coefficient of Body on Reynolds
Numbar of Towing and Swimming of Trained Athletes (males and
females, average values): l--towing of males with a winch; 2--
active swimming of males--height was 1.75-1.80 meters and weight
was approximately 80 kg in both cases; the notations of the points
are according to Figure 1; 3--towing of females with a winch,
height of 1.64 meter and weight of 58 kg; 4--towing of female
mannequine of the same dimensions; 5--smooth plate with turbulent
boundary layer; 6--body of rotation with uspect ratio of L/D = 5
in a completely turbulent mode; a--calculation by energy metabo-
lism; b--calculation by hydrodynamics of deformed body

We noto satisfactory agreement between the experimental data of different sources,

_ since the straight segments of all three curves of the graph are located on a loga~
rithmic grid at a slope of 1.8, as should be for drag as a function of speed in the
turbulent mode. It is obvious that the hydrodynamic drag of athletes during active
swimming is 1.4-fold greater than that during passive towing of the body at the
same speed. This is easily explainable by the additional drag of the athlete due
to oscillatory motions of the body and extremities with large sweep of the

oscillations.
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The total hydrodynamic drag of an athlete with height of H = 1.80 m and weight of
G = 82 kg, calculated for enhanced speed of V = 1.94 m/s by the energy method from
our functional relation [8]1, is noted by the asterisk in Pigure 8. The calculating

formula is
R Q 3#
v ' (5)

whore q = £(T) is the maximum specific power takeoff of the athelete, dependent

on the langth of the swimming period. In our case T = 3'2" = 206 seconds, to which
a value of q = 0.0078 hp/kg = 0.585 kg-m/kg corresponds according to the graph of
Fiqure 5 of (8). Substitution of all the known values in (5) yields a value of

R » 21.6 kg, which is very close to the certain extrapolation of straight line 3

in Figure 8. This again confirms the validity of the results of calculating drag
by the enargy mathod.

Finally, we determined the dimensionless hydrodynamic drag coefficients of an ath-
lsta's body as a function of Reynolds number Re. The calculaticns were made on two
assumptions.

In the case of towing and active swimming of the athlete without flippers, as usual,

2R
C'-W. (6)

Hare p = 102 kg-s2/m? is water density and S = f(H, G) is the wetted surface of the
athlete's body, which was determined by his height H and weight G by the Dubois
graph wall known in gports practice and in the field of medicine.

It was aasumed in the case of underwater swimming of an athlete using an aqualung
that his total drag consists of three parts: body drag according to (6), addition-
al frictional drag of the monoflipper and the additional drag of the shape of the
aqualung with attachment, i.e.,

RemC,Sp Y + %Cifo 7 + A0S0 3

since c 2R
== ST F LIS +m
)

Here Cg is che dimensionless frictional drag coefficient of a smooth plate, n > 1
{8 the coafficient of increasing the drag for a monoflipper with area F (on one
gide) with longitudinal notches and k is the additional drag of the shape of the
aqualung with attachments. We assumed that n = 2 (arbitrarily) and k = 0.15 in

the calculations according to the experimental data in [12]. The results of calcu-
lating the drag coefficients are presented in Figure 9.

Analysis of the experimental results shows that the drag coefficient of the ath-
lete's body is an order higher than that for a technically smooth plate with
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turbulent boundary layer or eight or more times higher than that of a body of ro-
tation with turbulent mode of equivalent dimensions at identical Reynolds numbers.
This indicates separation flow over the athlete's body. The hydrodynamic drag co-
efficient of the female body is appreciably lower than that of the male body and is
_ somewhat less than that of a mannequin. The caloulated points "a" and "b" agree
- more or lase satisfactorily with experimental data on the drag of athletes' bodies.

Some agraemant of calculating the thruct of the athlete using a monoflipper accord-
ing to the hydrodynamics of a deformed body to experiments on the swimming resist-
ance of athlates in a pool with the aeparation flow over them noted above, which
increases thy athletes' drag by almost an order of magnitude compared to a body of
rotation of similar streamlined shape, should be emphasized. This permits one to
atate that similar calculation of drag yields considerably exaggerated values of
drag in cases of hydrobionts of streamlined shape such as fishes or dolphins, which
we alun partially confirmed previously [10]. Not only the assumption of the con-
gtant maximum oscillation amplitude over the entire length of the body, which did
- not acour in reality, but also the fact that these oscillations are not small and
the bodies themselves are far from thin, as is used in the given theory, may be of
significance.

It should be noted that man is a poorly swimming hydrobiont, but the monoflipper is
_ a promising wave impeller for rapid swimming in the fashion of solphins. 1Investi-

gations of the monoflipper must be continued and swimming with it must be improved,
which is of important interest in tha field of hydrobionics.
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REGULATED HYDROELASTIC EFFECT IN THE FINS OF THE LARGEST AND FASTEST DOLPHIN, THE
KILLER WHALE

Kiev BIONIKA in Russian No 13, 1979 signed to press 14 Jun 79 pp 35-43

{Article by S. V. Pershin, A. S. Sokolov and A. G. Tomilin, Zoological Institute
of the USSR Academy of Sciences, Leningrad, from the collection "Bionika," Izdatel'-
stvo Naukova Dumka, 1,000 copies, 100 pages)

{Text] The regulated hydroelastic affect in the fins of Cetaceans (dolphins and
whales) has been outlined in papers [2~6], including reports at international con-
ferances of molentists in 1969 and 1973, This effect has been recorded officially
as A golentific discovery in the USSR under the name "The phenomenon of self-regu-
lation of the elasticity of Cetacean fins" [7]. A schematic model has been investi-
. gated for subsequent technical use of the phenomenon ([8). A number of inventions

~: has been made on the basis of the discovery, specifically [1, 9-11].

The indicated papers of the authors also aroused interest among foreign scientists.
Requests for these papers have come from the United States, Canada, England and
Belgium to the Zoological Institute of the USSR Academy of Sciences. The morpho-
loyical and anatomical characteristics of dolphin f£ins, which we first discovered,
ware repeatod and confirmed in other species (see, for example, (16]). However,
inadequate attention has been devoted in some papsrs to study of the functional
basas of these characteristics, which are the main subject of our investigations
from aspects of hydrobionics and possible applications,

Let us recall briefly that the phenomenon of self-ragulation of the fin elasticity
of Cetaceans occurs by reflex when the swimming mode is changed. It is caused by
the affect of the organs of the circulatory system, the first discovered widely
branching complex arterial-venous vessels, the capillary system and anastomoses of
varicus types and also by the structure of the integumental tissues of the fins,
including the covering of tendenous strands.

Unlike all other organs of various species of animals, every more or less large
sanguiferous veasel is complex in Cetacean fins. It consists of a single central

uhick-walled artery which is immediately surrounded by a crown of several (up to
20) thin-walled veing in which blood flows in opposite directions (Figure 1).

As the mode of Cetacean motion changes, for example, from increased to decreased

swimming speed, its energetics and general metabolism change accordingly and there-
for the intensity of blood circulation in the swimming organs--the fins--also
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Figure 1. Diagram of Complex Sanguiferous Vessel of Dolphin: l--central
thick-walled artery (with higher blood pressure); 2--surround-
- ing thin-walled veins (with lower blood pressure)

inevitably changes. When the lumen of the artery of a complex vessel expands or
contracts, an opposite effect automatically occurs on the surrounding veins since
the pressure in the arterial blood is an order of magnitude higher than that in the
veins, while the complex vessels are located among the dense tissue of the hypo-
dermis of the fins. As a result the fin becomes more or less elastic, to which the
solid covering of the fins of the tendonous strands, which comprises the outer flex-
ible, but practically nonelastic membrane, also contributes (Figure 2).

Figure 2. Microphoto (X4) of Transverse Section of Dorsal Fin of Piebald
Dolphin Lagenorhynchus obliquidens: 1l--large complex arterial-
venous vessel in mid-plane of fin; 2-~fibers of reticular hypo-
dermis with small sanguiferous vessels; 4--layer of tendenous
strands of thin covering

The hydrodynamic and hemodynamic conditionality of the considered effect and the
functional bases of the diverse morphology for all three types of fins--caudal,
dorsal and pectoral fins of several species of dolphins and whales--is shown in de-

tail in [5]. As examples, let us present here new materials on the complex sanguif-
erous vessels in the fins of fast-swimming Pacific Ocean dolphins. The dolphin
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Stenella attenuata (Figure 3) is distinguished by the fact that it easily jumps
from the water into the air with rotation of the body around its own axis up to two
and one-half turns. The arteries of the general network of the complex vessels are
visible in Figure 4 in the caudal fin of the dolphin with laminated shape of the
body of species Lagenorhynchus obliquidens.

4
]
|
i

Figure 3. Arteries of Separate Complex Vessels in Mid-Plane of Dorsal Fin
of Dolphin Embryo of Stenella attenuata (photograph from X-ray,
lead injection)

The different arrangement and structure of the network of complex vessels in the
dorsal and caudal fins of dolphins and the presence of a single common regulation
assembly in the caudal fin are noteworthy, which is determined by their different
functional designation, as we also noted previously [2-41. These facts were in-
. vestigated on a schematic model [8] and were used in the inventions mentioned
- above [1, 9-11].

The possibility of clearly showing the effect of the regulated hydroelastic effect
in the dorsal fin of the killer whale is of special interest. The latter is the
largest and fastest dolphin and its dorsal fin is distinguished by very large abso-
lute and relative dimensions. We recall that there are no rigid bony formations of
any kind in the dorsal fin of dolphins.

The killer whale Crcinus orca is the most widely distributed species from the Arctic
to the Antarctic. The body length reaches 10 meters with an average of approximate-
ly 6 meters and the total weight of the killer whale reaches 8 tons. As a result of
the sharply marked half-dimorphism, the female is almost one-third smaller than
males (it does not exceed 7 meters in length). The swimming speed of the killer
whale in the sea is up to 13.4 m/s for short periods and approximately 9 m/s for
longer periods (for tens of minutes) [12]. The Reynolds number of the killer whale
is equal to (3-7)-107, i.e., very high.
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Figure 4. General Network of Arteries of Complex Vessels in Two Planes
With Single Common Regulating Assembly of Caudal Fin of Dol-
phin Lagenorhynchus obliquidens (X-ray photograph, lead
injection

The killer whale is distinguished in body shape by relatively small head without a

_ clearly marked beak and by specially large pectoral and dorsal fins. The dorsal
fins are oval in shape and wide, i.e., they are low aspect ratio. The length of the
chord of the pectoral fin may reach up to 0.7-0.8 the value of the span in the
greatest cross-section. On the other hand, the dorsal fin of the killer whale ap-
proaches a triangular shape, is high, but narrow and has comparatively high aspect
ratio. Its height is greater in males than in females and reaches 1.7 meters.
Killer whales swimming near a free surface in the sea are detected from a distance
by the protruding dorsal fin of the males.

As the killer whale grows, the fins change in shape (Figure 5) and size. As the
killer whale grows and increases in size, the fins increase not only in absolute
dimensions, but alsc in relative value. Using the data of [14, 15, 17] and also of
[18], we constructed a graph (Figure 6) which permits one to make specific
conclusions.

It is obvious that the fins in newborn killer whales up to 2.5 meters long have the
same dimensions, as do those of adult dolphins of the same length of other fast-
swimming species, for example, of genus Stenella. The span of the caudal fin com-
prises 22-25 percent and the height of the dorsal fin comprises 8-10 percent of the
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Figure 5. Shape and Dimensions of Dorsal Fin of Killer Whale of Different
Sex and Age (1/8 scale): a--adult male 6.45 meters long; b--
- young male; c--newborn female

Figure 6. Graph of Relationship of Relative Dimensions of Fins to Total Body
Length of Killer Whale Orcinus orca: l--span of caudal fin lobes
(/L) (L) (males and females); 2 and 3--height of dorsal fin
- (h/L) (L) of male and female, respectively (compare other species
of genus Stenella at L < 2.5 meters)
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- body length. However, with subsequent growth of the killer whale to three or more
times in body length, the relative span of the caudal fin sometimes increases to

30 percent or mcre, while the relative height of the dorsal fin reaches 22 percent
of body length in males (see Figure 6). Although there are few numerical data and
their deviation on the graph is large, one can still state that the relative span of
of the caudal fin increases identically with age in males and females, while the
relative height of the dorsal fin differs more and more in them. Thus, the gyeo-
metric similarity of corresponding fins is disrupted in the ontogenesis of the
killer whale and consequently there is no dynamic similarity. This can be explained
by the necessary increase of swimming speeds as the killer whale grows, determined
by its leading biological position among marine mammals and as a hunter in the
ocean.

Killer whales began to be maintained in oceanariums quite recently. They tolerate
confinement relatively easily and can be easily trained, including being trained
to retrieve heavy objects from a depth up to 500 meters in the sea. They must be
studied in more detail, but each specimen of killer whale is expensive. ILet us use
some observations and photographs below which were specially made by one of the
authors upon a visit to the Sea World Oceanarium at San Diego, California.

Figure 7. Killer Whale Orcinus orca During Free Swimming at Sea (a) and
On Shore in the Oceanarium Together With Trainer (b)

Killer whales at sea and in the oceanarium are shown in Figure 7 and the impressive
size of the dolphins (length of approximately 6 meters) and shape of their fins are
_ easily visible. The fact that the dorsal fins of killer whales freely swimming at
sea are completely erect, that is, elastic, while these fins in killer whales in the
oceanarium are bent somewhat and are obviously less elastic, is noteworthy. The
trainer of the killer whales in the oceanarium reported that the dorsal fins of his
students are usually not completely erect the greater part of the time, but are more
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or less bent and folded. We point out that the greater or lesser elasticity of -
the fins of these dolphins is determined by the degree of the main functional

desiqgnation as vertical course stabilizer in free swimming performed by them. To

do this, let us use photographs taken of several specimens of killer whales in the

same oceanarium.

in the case when the killer whale swims in a deep bay and swims sufficiently fast,
his vertical dorsal fin is completely erect and elastic even in the surface posi-
tion, which makes it convenient for his trainer sitting on the dolphin's back to
hold on (I'"aure 8, a). If the killer whale is swimming in shallow water of the
oceanarium .ui. by necessity at low speed, the dorsal fin is somewhat bent and less
elastic (Figure 8, b).

Phetographe of killer whales resting in the oceanarium in shallow water (Figure 9,
a and b) are interesting. In these cases their dorsal fin clearly does not function -
as a stabilizer and is either haif-bent or even touches the upper part of the body. -

Figure 4. Trained FKiller Whale in Surface Swimming: a--he is carrying his
trainer in a shallow bay (the dorsal fin is erect); b--in the
shallow water of the oceanarium (the dorsal fin ig somewhat bent)

Finally, let us directly compare the two extreme states of killer whales to each
other. Jumping of a dolphin from the water into air, even vertically, is a case of
a stress state of his organs when all the animal's energy capabilities are mobilized
and therefore the fins are completely erect and elastic and their shape and relative
dimensions are easily visible (Figure 10, a). On the other hand, a rear view of a
killer whale lying in shallow water in the oceanarium shows that whereas his body,
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caudal stem and caudal fin are erect underwater and ready for action at any moment
of time, the dorsal fin in the air is bent, i.e., it is relaxed and less elastic
(Figure 10, b).

A photograph of a large killer whale washed up on shore and still alive in [13] is
also indicative. The front part of the dolphin is resting on sand while the caudal
part is submerged in water, and whereas the caudal fin still flaps in the water (the
waves and spray are visible), the dorsal fin of this killer whale is semirelaxed and
inelastic.

Figure 9. Killer wWhale Resting in Oceanarium: a--caudal fin is half-bent;
b--it touches his body

Comparing all the cases considered above to each other, one can review the different
states of elasticity of the high vertical dorsal fin of the killer whale, which, on
the basis of the foregoing are explained by the regulated hydroelastic effect in
the fins for other species of dolphins. This follows from the general unique struc-
ture of the tissues and complex arterial-venous vessels of the fins in all species
of Cetaceans. It is interesting to note that the maximum height of the dorsal fin
in the killer whale does not exceed the height of the blood column corresponding to
the highest arterial blood pressure of mammals, which is obviously related to the
requlating role of the arteries of the large complex sangiferous vessels. However,
one should also not forget the significance indicated above in the hypodermis of
the fins of numerous anastomoses of various type and capillaries, the osmotic
pressure in which reaches 7-8 atmospheres due to the difference of salt concentra-
tion in the arterial and venous network, as is known from hemodynamics.
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The given facts permit one to consider the high dorsal f£in ~f the killer whale witi
regard to the regulated hydroelastic effect as a type of vivid indicator of the
general and energy state of the dolphin., Thus, it indicates some hypodynamics of
the killer whale in an oceanarium, which occurs when the large fast ocean dolphin
is placed in the restricted confines of a reservoir. Hence, it also follows that a
fast dolphin cannot develop the possible maximum swimming speed in an oceanarium,
which one should always keep in mind. Attention was brought to this circumstance
especially in [12], where normalization of the length of maximum swimming speeds of
dolphins swimming freely under natural conditions and in confinement was first -
proposed.

) '“‘-..r‘!z S iz
ST

R R

Figure 10. 7Trained ¥iller whales in Oceanarium in Different States: a--
high jump after ball (all the fins are erect and maximum elas- -
tic); b--iying in shallow water (the dorsal fin is half-hent -
and relaxed (rear view)) -

With regard to the high swimming speed of the killer whale, the fastest among dol-

phins, and to the large dimensions of his dorsal fin, which shoulé be optimum in

shape, it is interesting to compare the dorsal fin to that of the swordfish ¥iphias -
aladius. tYhe latter is the limiting case of all fast hydrobionts [13], its maximum
swimming speed is double that of the killer whale, but the highest Reynolds number
calculated for the total body length approaches 108, Nevertheless, unlike other
fast fishes including tuna, the thick dorsal fin of the swordfisn is not gathered
in and is not cven partially folded at high swimming speeds. However, this fin hae
goord smooth "fairings" at the point where they join the body, which reduce the
harmtul effect of interference of their houndary layers. The nondisappearing thick
dorsal fin of the swordfish is relatively low and has a large notched shape in the
rear with length along the base approximately the same as the height of the fin.
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Moresover, there are speclal local ampullas with mucusy substance to reduce the
hydrodynanic drag of the fin on both sides of the £in and behind it in the middle
of tha back of the swoxdfish [13],

The adult killer whale doesnot have these devices. At slower swimming speeds, his
high dorsal fin is triangular in shape and the height of the fin exceeds the width
along the base up to 1.7-fold, which increases its aspect ratio and thus reduces
the drag of the fin. However, this was possible in the presence of a hydroelastic
offaect in the fins of the killer whale, which is impossible in cold-blooded fish
aince thalr arterial blood pressure is an order of magnitude less than that of
warm-blooded mammals. Thus, the same problam of reducing hydrodynamic drag of the
vertical course stabilizer--a dorsal fin of large area--is solved by different
noted mothods in nature in different fast hydrodionts according to the biological
characteristics of these animals and the maximum Reynolds number.

The i{nformation presented in this article can be used in hydrobionic modelling for
practiocal purposes.
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upC 591.176
INVESTIGATING THE SKIN ELASTICITY OF LIVE DOLPHINS
Kiev BIONTKA in Russian No 13, 1979 signed to press 14 Jun 79 pp 43-52

{Article by V. V. Babenko, Institute of Hydromechanics of the Ukrainian SSR Academy
of Sciences, from the collection "Bionika," Izdatel'stvo Naukova bunka, 1,000 copies,
100 pages]

(Text] Since the bodies of marine animals moving at identical Reynolds nuibers ex-
parience the same ntrong effect of the water medium, adaptations to these flow con-
ditions, having identical dimensionality, were devaloped during evolution in the
utructure of their bodies or individual organs., Tested hydrodynamics equipment must
be used to analyze them with regard to the difference of the force effact of flow
on rigid models and living, thoroughly innervated podies of marine animals.

This approach made it possible to formulate the principle of the receptor sensitiv-
ity of the skin of fast-swimming animals as a factor of natural selection, which
- detarmines the principles of their skin structure [1].

Tnveatigating the interaction of flow with the bodies of marine animalsg also per-
mits one to formulate in this regard the principle of automatic regulation of body
characteristics and its individual parts or systems to reduce the energy expendi-
tures when moving at typical speed for a given group of animals. Typical speed is
underatood as cruising speed Uky, i.e., the maximum speed at which the animal moves
during 15-20 minutes.

If the conditions of motion vary, the shape of the body and its configuration, the
floxible rigidity of the entire body, the rigidity and machanical properties of the
skin, the elasticity and shape of the impeller, body and blood temperature, pressure
in tha circulatory system, thickness of the mucous gheath which plays the role of a
damping wsurface, the production xate of mucous matter and so on are automatically
roqulated in the animals.

The effect of automatic regulation of the skin elasticity E of live dolphins on
swimming speed U is investigated below. A physical model of the skin and a mathe-
matical analog of the skin based on it must be developed to understand the mechanism

- of the interaction of live dolphin skin with the flow characteristics of the sur-
rounding medium. A differential equation of the analog of dolphin skin is written
in [9] in the form of a linear model of a viscoelastic Voight-Kelvin medium and it
is writton in [5] in the form of a so-called standard or generalized model of a

56
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060001-1



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060001-1

FOR CFFICIAL USE ONLY

linoar viscoelastic medium. A simplified mathematical analog of the skin which
t.akam into account tension in the skin layers and bending deformations, unlike the
utandard model, is presented in the same paper. The diagram of the more complete
analoy of dolphin skin will differ significantly from the simplified diagram. Ac-
tually, {f the skin structure of dolphins is considered (4, 5, 7, 141, the skin
agram prasented in [5] should be supplemented in the following manner. The skin
layer 4 im schematized not only by an elastic element, but also by a damper. Skin
layar (5] should be schematized as an elastic element, while layer 6, the same as
layer 3, should be schematized by a Voight-Kelvin element. Besides layers 5 and

t, layar 7 which is schematized by & Voight-Kelvin element should be added. Elastic
connections wh.ch schematize the connective-tissue membranes are introduced parallel
to the indicated elements betwaen layars 3 and 6 and 3 and 7. It is known from
polymar theory (121 that the mechaniocal properties of rubber can be described more
fully by using nonlinear integral-diffarential equations of the Volterra type.
There are presently no mathematical methods to describe the mechanical character-
istics of filled rubber. Taking into account that tension in the skin layers and
its damping properties are considerably dependent on the swimming speed of dolphins
and are requlated by reflex and that the entire skin is multilayered and the upper
layers have longitudinal stratification and that deformation of only individual
collagenous fibers of which the skin layers consist is described by a complex non-
linear equation {16] that skin oscillations are correlated with the work of the
vaudal fin and are transient and that the entire skin can be simulated only by a
nonlinear composite viscoelastic medium, it becomes obvious that the mathematical
modal of the akin cannot be solved in analiytical form.

- One can now find only the solution of the simplified mathematical analog by numer-
ical mathods. For example, the investigations given in [11] can be applied in first
approximation to analysis of tranaient oscillations of the skin without regard to
tennion in the layers. It ls concluded in this paper that dynamic interaction of
the skin layers of differont elasticity and oscillatory mass play a positive role,
which lead to significant damping of transient oscillations.

Thus, Lt becomes clear that diverse experimental data on the mechanical character-
iatics of dolphin skins must be accumulated. Besides dynamic characteristics, it is
aleo of interest to datermine the static modulus of the elasticity of dolphin skin.

Elasticity is subordinate to Hook's law at small deformations and the principle
atays the samo during tension and compression (12]. Therefore, the elasticity
meaaured in dolphins during compression with regard to the smallness of deformation

R charncterizes the static modulus of elasticity, while measurements made with an

i slastometer (2] investigate the behavior of the skin described in the static Voight-
Kelvin model. In this regard the results of investigations presented in this paper
characterize the general static state of the entire ¢ in without regard to its
dynamic characteristics noted above.

some roesults of measuring the value of E, carried out by using a specially manufac-
turad device of the Shore hardness gauge type are presented in [2]. The parameters
of elasticity kg, which were approximately equal in value for three species of dol-
phins at their cruising swimming speed, were calculated from the results of these

measuremants for a single cross section of the body of the animals in the region of
the mid-section. The modulus of elasticity was determined by using Hertz's formula,
which introduced an error into the calculations that could be reduced by using the
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- dependance of the modulus of elasticity expressed in Shore units on the modulus of
- elasticity expressed in dimensional units, given in [13].

When working out the methods of measuring the value of E, three versions of the
dovice were manufactured, one of which having a weak loading spring was used to
measure the elasticity of the outer skin layers of the whitesided dolphin (prefer-
ably the epidermis and papillary layer), which comprised 1.4:105 N/m2. The modulus
of elasticity of the thicker skin layer measured during tension in Kramer's paper
{4] comprised 1.03:106 N/m2. The difference in the measurement results is explained
by the fact that when measuring with the indicated device it 1s difficult to pre-
cinnly estimate the thickness of the skin t on which the pressure of the measuring
rod propaqates, due to the possible reflex contractions of the integumental muscle
and also due to the fact that Kramer measured the value of E by tension of pre-
nervad gkin npecimens of another species of dolphin, without taking into account the
dimensions and age of the animal.
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Fiqure 1. Distribution of Skin Elasticity Through Body of White-Sided (a) and
Bottlenosed (b) Dolphins at Different Swimming Speeds
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Using tha developed dovice and method of conducting the experiments [2}, the skin
wlasticity of three species of dolphins--the white-sided (Delphinus delphis), the
hottlenosed (Tursiops truncatus) and finned porpoise (Phocaena phocaena)--was in-
vestigated. Data on the dimensions of the animals and the statistics of the meas-~
urement results are praesented in Table 1. The skin elasticity of the white-sided
and bottlenosad dolphins are presented in Figure 1, in which the numbers of the
pody crosm~sactions of the dolphin (from the top of the axis) and the distance
along tha body in dimensionless for x/L (on the bottom of the axis), where x is

the distance from the beginning of the body and L is body length, are plotted along
the x axls. A dlagram of the locaticn along the dolphin's body of these and longi-~
tudinal nect..ns is presented in [2). The value of E was measured along the lines
of the transverse sections from top to bottom at points lying on the lines of the
longitudinal sections, equally separated from each other, beginning from the line
along the back denoted by the solid line, along the side, denoted by the line with
circles, along the stomach, denoted by the dashed line, and along the lines located
between the indicated lines from top to bottom, respectively, and denoted by a
dashed line with crosses on the straight lines and with crosses between the
straight lines.

Measurements of the value of E at individual points along the body, indicated in
(2], are denoted by the half~-shaded circles and points.

Approximate calculations showed that pressure fluctuation in the turbulent boundary
layer during swimming at a speed of 10 m/s have a value on the order of 3,3-.103
dynms/cm2 and that they have a value and order less in the laminar boundary layer.
During transient £low conditions in the boundary layer, the pressure fluctuations
may excead several times the value of turbulent fluctuations [10]. Analyzing the
graph of variation of the skin thickness of the dolphin along the body (4], we
assume that the inteneity of disturbances in the boundary layer at slow swimming
spead permits them to be propagated by an insignificant value t to the region of
the apidermis and the papillary layer. If swimming speed increases, the kinetic
anargy of the disturbances of the boundary layer increases and the oscillations
caused by them in the skin may propagate deeper, also penetrating the subpapillary
layer. As the intensity of pressure fluctuations in the boundary layer increases,
for example, during transient flow mode or with an increase of swimming speed, the
fluctuations may be propagate) deeper into the skin of dolphins.

The reaults of measuring the value of E, made with a device having normal (medium)
atiffness of tha apring on the assumption that these values correspond to average
awimming speeds Ugr and characterize the elastic properties of the upper skin
layers, including tha subpapillary iayer, are shown below in Figure 1, a and b.

Taking into account that the underlying skin layers will also respond to the in-

| creasod pressure fluctuations at Ukyx and that the skin elasticity increases to
maintain its optimum stabilizing properties according to criteria of similarity
[5], the values of E were measursd with a device having double (strong) stiffness
of the spring. These results are presented in the upper part of Figure 1, a.

The value of E of the white-sided dolphin was measured in a trained animal; there-
fore, the measurement errors caused by the dolphin's response to skin stimulation

wora insignificant. The results of measuring the value of E of a trained bottle-
nosed dolphin are presented in the lower part of Figure 1, b and the results of a
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1.77-1.86; 6--not measured
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White-alided 4 1.4 17 Weak The measurements were made at different
Medium times of the year at intervals of six
Strong months under different habitation con-
- ditions at different times of day
1.5 1 Weak
1.37 1 Medium
1.3 2 Medium Measurements were made in morning and
Strong evening
- Bottlenosad 3 1.9 3 Medium Measurements were made at intervals of
one week under different conditions
of habitat
: 1.79 1 Medium
1.7 1 Medium
Porpoise 2 0.7 2 Strong Measurements were made in morning and
evening
0.6 1 Strong The animal was ill
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Figqure 2. Topography of Skin Elasticity of White-Sided Dolphin: 1--
1.9-2.0 g/mm2; 2--1,8-1,85; 3--1,75-1,77; 4--1.85-1,9; 5==
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freshly caught dolphin are presented in the upper part of this figure. The animal
was oxcited and his muscles were tense. Therefore, the results of measurements
made by the same device differ. It wes assumed that the increased elasticity of
the ckin corresponded to Uxr and therefcre measurements wera not made on bottle-
noged dolphins with the davice having double spring. Data for a single dolphin,
which coincide in value and nature to data for other animals, are presented in
Figure 1.

Maasurnaments showed that the skin elasticity of white-sided and bottlenosed dol-
phins varinrm smoothly along the body from top to bottom and from the nose to tail
#0 that the ' “ter part of the skin is located along the gides in the mid-section
of the trunk. This principle is maintained in both cases--when measuring with nor-
mal and double atiffness of the spring. However, if the pressure of the measuring
rod increases, the elasticity along the body varies more sharply (Figure 1, a, top).
This is also discernible in Figure 1, b, which indicates that contraction of the
skalatal musculature and cutaneous muscle leads to an even greater increase of skin
alasticity with the same pressure of the measuring rod and that simulation of the
increase of E with an increase of speed by measuring with a device having double
spring etiffnaess was carried out correctly.

Approximately the same principles were observed in porpoises, but it was difficult
to make the required number of measurements due to the fact that these dolphins
respond poorly to training. Moreover, it was found that the skin elasticity of a
slck dolphin is considerably less than that of a healthy animal., This is explained
by tha fact that the animal was weakened; therefore, the elastic characteristics of
his hody and intagument varied.

A diagram of distribution of E along the body of the white-sided dolphin, obtained
on the basis of measurements made with a device having normal spring stiffness, is
presented in Pigure 2, The numerical values of elasticity are expressed by pressure
p of the weasuring rod spring, related to the area of its tip [2]). Sections with
maximum skin elasticity are noteworthy. According to morphofunctional significance,
these sections expaerience maximum hydrodynamic pressure [3]. The caudal stem and
front part of the trunk in the region of the lateral fins are exposed to lesser
hydrodynamic loads; theraefore, the elasticity of these sections was reduced. The
mid-part of the trunk experiences the least hydrodynamic loads; therefore, the
value of E in this part of the body is also least.

The skin of dolphina is similar in their mechanical properties and structure to
elastomers, whose elastic properties depend not only structure, but also on thick-
ness as waell as on the mechanical properties of the substrate [12, 13]. Based on
the moasurements and also based on the body structure of the dolphin and its skin as
a whole [7, 8, 14}, one can assume by analogy with elastomers that the principles of
distribution of skin elasticity along the body of three species of dolphins are de-
tarmined by the difference of the skin structure along the body, its thickness and
the struoture of the skin substrate.

Since pressure fluctuations in the boundary layer can be compared to compressive
load, and since considerable hydrostatic pressure acts on the dolphin's body when
swimming at depth, then taking into account the effect of skin thickness on the
rogults of measuring its elasticity, the elastic properties of the skin should be
characterized by stiffness S, determined from the relation S = E/t.
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Figure 3. Distribution of Skin Stiffness of White-sided (1) and Bottle-
- nosed (2) Dolphins at Differert Swimming Speeds

The value of S was calculated by averaged values of E and t. The value of t for
the white-sided dolphin was determined from data of [4] at Ugr with regard to the
three upper skin layers and at Ugy with regard to the entire thickness of the skin,

- with the exception of the layer of the subcutaneous fatty tissue. The topography
of the skin thickness of the bottlenosed dolphin was not accurately measured. The
distribution of the mean values of t of the bottlenosed dolphin was interpolated
on known individual sections of skin according to data of [4]. The values of t of
theso layors are presentad in Table 2.

Table 2.
El yas 1:10%
B “Baadoowke Lemi,du {(3) Adwanna Leni 9 u
(‘ Uypn Ugp=
O |vepmaird o | YT, | s
2 1,8 13 2,2 17
3l a4 17 2.7 2l
6] 2.4 25 2,7 28
6 2,8 26 3,1 30
71 8.0 28 3,3 28
9 2,8 17 3,! 21
10 2,8 10 2,8 14
ny 1,8 5 2,1 9
Keyt
1. Number of cross section 3. Bottlenosed
2. Wnite-sided 4. M/s

The results of calculating the value of S at Ugy (top) and at Ukr (bottom) are pre-
sented in Figure 3. The solid lines denote the results of calculations while the
dashed lines denots approximation of these calculations by formulas for the upper
curves s
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1-s~xo-’=s7-z-(i—0,96)+23; (1)
X

L
2 —8107" = 48,75 (F — 0,94) + 17,5;
T( )J" (2)

for loweyr curves:

1 —S. 1o—v=49,4-L"-({--o.a4) +10,5; 3)

7 x [ x
2 = 8107 =53 L —0.84) + 10, @)

'The value of S along the body of dolphins varies with the same reqularity as elas~
ticity, but more sharply and stiffness varies according to parabolic functions of
the same type at different swimming speeds. The value of S of the white-sided and
bottlenosed dolphin varies with practically the same regularity at Ugxy. Formulas
(1}-(4) apparently limit the optimum range of variation of S at typical swiming
apeeds,

For simplicity the curves located on the bottom of Pigure 3 can be approximated by
stralght lines from the left for the white-sided dolphin

§:107 =— 115 46 ()

for the bottlenosed dolphin

81077 == — 10,67+ 48 (6)
and from the right for the white-sided dolphin ‘

5107 = 327 — 16, %)
for the bottlenosed dolphin

8107 =31 £ —17, _ (8)

Avoraging of expressions (5) and (6) yields the formula

9
§4107 e — 1085 + 5,4, @

and of axpressions (7) and (8) yields the formula

§:1077=31,5 - — 16,3. (10)

Exparimental investigation of the hydrodynamic stability during flow over damping
purfaces which simulate the skins of dolphins showed [6] that gtabilization of the
boundary layer depends on the surface configuration and the mechanical properties
of the surfaces characterized by criteria of similarity. One of the criteria is
the parameter of elasticity
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<, (11)

v
B ks—S-‘;'u

whare v and p are the coefficient of kinematic viscosity and the density of the -
fiuid, respoctively. The distribution of case of S along the body (Figure 4) of
white-sided (solid lines) and bottlenosed (dashed lines) dolphins for Ugr (top)

and Ukr (bottom) was calculated using the data of Figure 3 and Table 2 according

to formula (11). The range of optimum values of kg found by Gyorgyfalvy's calcu-
lating method [5], is cross-hatched in Figure 4. The value of kg along the entire
body length has nonoptimun values when swimming at Uxy and has optimum values in the
mid-section of the hody when swimming at Uky.

Tha valus of kg of the white-sided dolphin is found at the beginning of the body
outside tho optimum zone, but the negative pressure gradient on the body of the
dolphin is of important significance at this location to stabilize the boundary
layer (3). The stem of the dolphin, being part of the impeller, makes an oscilla-
tory motion and flow over it is distinct from flow over the mid-section of the body.

It is obvious that kg has an optimum value along the entire length of the body when
_ awimming speed increases up to maximum speeds.
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Figure 4. Distribution of Parameter of Elasticity Along Body of White-Sided
(1) and Bottlenosaed (2) Dolphins

Relation (11) indicates that the value of S should vary with variation of swimming
speed to maintain the value of kg in the range of optimum values. To check this
proposition, let us carry out the following calculations for cross-gection 7 of the
body of the white-sided dolphin. The optimum value of kg comprises 3,18.105 along
the corresponding lower curve of Figure 4 for this cross=-section. The optimum
value of & = 6,.8+106 H/m3 for Ugy = 6 m/s according to formula (11), whereas it
comprises 7.3-107 H/m3 according to the data of Pigure 3. The corrected optimum
value of S with regard to the skin differaonce according to Table 2 comprises
5.67:107 H/m3. The difference of the measured and optimum value of § is equal to

7.3-10’—-5,67-i6" 4;, ‘
Ao 100 % = 22,4 %.
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$imilar calculations for the hottlenosed dolphin yield a deviation of 40 percent.

Having expressed relation (11) by Reynolds aumber, in (18] Kramer proposed rela-
tions which determined the principle of variation of stiffness along the body.
These ralations differ from formulas (1)-(lU) by the fact that the value of S de-
creasas monotonically ae x increases with respect to Kramer's relations. The devi-
ation with the measurements is explained by the fact that the caudal part of the
trunk of dolphins is mobile and is washed by a transient flow.

Calculatiann carried out by Kramexr's formulas showed for sections 2 and 7 of the
white-gldad ani hottlanosed dolphing that the distribution of S along the body
(Figure 3) does not patisfy the relations proposed by Kramer at Ugy, but they do
natin{y the ralations at Ukxry.

The hydrodynamic principles considered in (3], on the basis of which the quasi-
staady approach should be applied only to the body length in the region of sections
2=8, should be taken into account when analyzing the investigations. Actually, the
nose part of the body undergoes large dynamic and tangent stresses, has a specific
frontal projection affecting the skin thickness and makes small oscillatory move-
ments, The caudal part of the body is part of the impeller with increased dynamic
pregyure and variable flow speeds,

named on the foreqoing, one can make the following conclusions.

1. Automatic requlation of the stabilizing properties of the skin is established
in the skian structure of dolphins. when speed increases, the pressure fluctuations,
which penatrate to the deeper layers of the skin, increase. At the same time the
strans of the skeletal, motor and cutaneous musculature increases (1, 7, 8].

Skin alastioclity increases and its thicknuse decreases in the region of the cutan-
aous muscle due to the specific structure of skins [7, 8, 14], while its diameter
decreases in the mid-section of the body. Thus, measurements made by using a belt
placed on the dolphin's body in front of the dorsal fin showed that the body diam~
etar in this region decreased by 4-8 nm as a function of the size and species of
Adolphin when moving at high speeds or accelerations. If one takes into account
that the skin elasticity does not vary with an increase of gpeed, then a decrease
of skin thickness by approximately 2 mm leads to an increase of its stiffnees by
lo=15 percent. Tho differance of submersion of the rod of the measuring device
into tha dolptiin's skin comprised an average of 3 mm when measuring elasticity with
a device having single and double springs. If one assumes that the decrease of
hody diameter is related both to a decrease of skin thickness and to the flexibil-
ity of the skeleton, the results of measuring skin elasticity are in good agreement
with tha data of the decrease of body diameter when swimming speeds increase. Cal~
culationn show that it is sufficlent to vary the stiffness of the skin by 20-40
percont to maintain the optimum value of kg over a wide range of cruilsing speeds by
dolphinu. Variation of elasticity of the body, being a skin substrate, itself
affects the stiffness of the sxin,

2. Meamurements showed that the value of S is more strongly dependent on t than on
E. 'The valuos of t and E are varied simultaneously by using the cutaneous muscle,
which automatically affects the depth of propagation of the pressure fluctuations
in the skin of dolphins and the phase velocity of oscillations, according to oscil-
lation thaory.
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During slow swimming when the dolphin's body is relaxed, the principle of

distribution of ekin atiffness along the body is optimum for stabilization of
the boundary layer on the assumption of uniform distribution of the damping prop-
- arties of the skin along the body even at nonoptimum values of parameter kg.
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UDC 599.53
TNVESTIGATING THE PROPAGATION SPEED OF OSCILLATIONS ON THE SKIN OF THE DOLPHIN
- Kiev BIONTKA in Russian No 13, 1979 signed to press 14 Jun 79 pp 52-58

= [Article by S. M. Kidun, Physicomechanical Institute of the Ukrainian SSR Academy
ot Sciences, L'vov, from the collection "Bionika," Izdatel'stvo Naukova Dumka,
1,000 copies, 100 pages]

[Text] One of the important and informative parameters which characterize the
proportios of the dolphin skin is the rate of propagation of oscillations. When a
dolphin moves in water, his skin is in complex interaction with the water flow. It
is reported in [1, 8, 10, 13] that the dolphin's skin is capable of providing a
laminar mode of flow at high speed or of stopping turbulent flow in orxdered vor-
ticas [9, 11, 12].

A number of papers [2-4, 6] has been devoted to consideration of the skin as an
elastic-damping covering. Mechanical models and linearized schemes o%f displacement
of the ekin upon interaction with the f£low, on the basis of which such parameters

B sn elasticity, tension and damping propertias of the skin are calculated, are pre-
sontad in them. However, it is difficult or almost impossible to determine them
axperimentally during motion on live dolphins without preparation of the skin, as
pointed out in these papers. It is also noted that one of the indirect parameters
walch characterize the properties of the skin can be the rate of propagation of
oscillations.

The skin structure of the dolphin is described in [14]. The total thickness of the
akin fluctuates from 20 to 60 mm as a function of the location on the body. The
skin consists of an upper layer of epidermis, the papillary, subpapillary and re-

- tioular layer of the dermis, the connective-tissue layer, the cutaneous musculature
{cutaneous muscle) and the subcutaneous fatty tissue. The cutaneous muscle is
firmly connected to the dermis and rests on the fatty tissue. The fatty tissue is
a soft and pliable formation which provides mohility of the skin in all directions.
The akin is connectad by tendons to the skaleton and its musculature at separate
points of the body [15].

It im pointed out in (15] that formation of large longitudinal folds or gaveral
oblique folds on the side from the right and left and transverse folds below the
lower mandible, on the chest and stomach by using the dolphin's cutaneous muscula-
ture. Essapian's data that skin folds of different size, oblique and transverse
on the lateral surface, below the lower mandible, on the breast and stomach were
detected by using underwater movie filming in the case of short or long propelling
motions of the dolphin and also during a sudden stop after these motions. Some of
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thom are formed during time on the order of 1/4 second and disappear within 3/4
sacond and others ara maintained for 2-3 seconds. In the opinion of the author of
{15], these data require experimental checking, consisting in investigation of the
conditione of formation of the folds, the nature and direction of propagation,
measurament of the height and width of the folds and study of their effect on re-
duetion of hydrodynamic drag.

Thus, to study the properties of the dolphin skin and to determine its functional
role, one can study the parameters of propagation of surface oscillations along the
skin and can investigate the behavior of the skin during its free motion in water.
The main par:..ter of surface oscillations of the skin is the rate of propagation
and damping of oscillations with distance.

The results of instrument measurements of the rate of propagation and damping of
induced oscillations on the skin of live dolphins, at a state of rest, and also
the parametors of freely occurring oscillations on the skin during motion of the
dolphin in water, which we carried out, are presented in this paper.

Ya. Ya. Belan'kiy and the author proposed that the parameters of induced oscilla-
tione on the dolphin skin be measured. The rate of propagation was measured by the
phase method with variable base [7}]. Oscillations were stimulated on the skin by

a rod with a lunate disc tip of an electrodynamic exciter. The phase intervals,
multiples of T, were measured by a probe oscillation pickup with pre-amplifier and
dintance meter and were recorded by a phase-coincidence indicator. The measurements
ware made in the frequency range from 50 to 400 Hz on the bottlenosed dolphin.

Tt was established during the measurements that surface oscillations propagating

in all directions from the point exciter in the form of travelling waves are in-

duced on the skin in the investigated frequency range. Travelling waves occur on
- the skin of both live and dead dolphins.

The expariment showed that the rate of propagation of oscillations is different at
Aifferent locations of the skin. A graph of the rate of propagation of oscillations
on the ekin of one side of a dolphin is presented in Figure 1, where the coordinates
of projection of one side of the skin are plotted along the x and y axes and the
value of velocity is plotted along the z axis. It is obvious from this figure that
the valocity on the skin of the head (Section 4) is relatively high, it drops in the
region of tne nack (Section &), again increases from the centexr of the body (Sec~
tions B and 9) and then drops slightly. It increases at the beginning of the caudal
stam and further along the stem.

Variation of velocity along lines a and b (Figure 1) is less compared to variation
of velocity along lines ¢, d and e, located nearer the dolphin's stomach.

This pattern is somewhat disrupted for some dolphins due to the presence of defects
on the skin in the form of scars, wounds or cuts. A reflection of oscillations was
ohasrved at these points, which led to formation of standing waves. It is inter-
#sting to note that the rate of propagation of surface oscillations, as shown in
Figura 1, varies from 4 to 12 m/s, i.e., it lies within the range of swimming
spoeds of dolphins. For comparison let us point out that the rate of propagation
of oscillations on the tensed muscle of the human shoulder is on the order of

25=30 m/s.
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The rate of propagation of oscillations is not dependent on the direction of
propagation. The rate was measured at a fraquency of 200 Hz. The relative error
of measuring tha rate, which consisted of the error of reading the intervals of
multiples of m and the error of phase coincidence indication, did not exceed 7-10
percent. 'The data presented 1n Pigure 1 on the rate of propagation of oscillations
along the skin are an averagad pattern for six adult bottlenosed dolphins. Their
hody length was in the range from 1.8 to 2.5 maters. :
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Figure 1. Distribution of Phase Velocity of Induced Oscillations of skin
on Body of Bottlenosed Dolphin. The diagram for conducting the
measurements is the same as in [4].

The damping of oscillations on the skin of live dolphins was measured by the same
mothod in the same fregquency range. Oscillations were excited on the skin by using
an electrodynamic exciter; the wavelength was measured by the phase method and
damping of the oscillations was measured by the amplitude-comparison method.

Measurements showed that the value of the logarithmic decrement of attenuation is
hardly dependent on frequency in the frequency range of 50-400 Hz and lies in the
range of 0.71 to 0.81 for the skin of an immobile live dolphin, i.e., at a distance
oequal to one wavelength, and the oscillation amplitude is attenuated by a factor of
2=2.5,

pesides measuring the parameters of induced oscillations on the skin of an immobile

- dolphin, the oscillations of the skin of the dolphin moving freely in the water
worea recorded. The oscillations were transmitted in the form of electric signals
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from the dolphin by a thin flexible shielded cable. The dolphin was placed in an
open shora cage measuring 6 X 30 meters. The vibration sensor from which the sig-~
nals were transmitted by flexible cable to the receiving~recording apparatus was
placad on it. A belt was attached to the dolphin in front of the dorsal fin. A
probe vibration pickup was placed on one side in the square between sections 6 and
7 and longitudinal lines b and c (see Figure 1) so that the vibration pickup probe
lay against the dolphin’s skin and was located in front of the belt. A communica-
tions cable was attached to the belt on the other opposite side.

The dolphin'm speed was es:imated visually. Sections of free swimming, accelera-
tion and slc....g of the dolphin were noted. Oscillations of the skin were recorded
when the dolphin was movirg in water at slow speed and when it was in a state of
rest (Figure 2). The oscillations were pulse transmissions, single or group, fol-
lowing one after the other with pariod of 0.1-0.12 second, length of 0.035-0.09
second and charging frequency of 130-140 Hz. There were nojerks of anykind in the
motion of the animal or jerking of the communications cable during recording.

It was decided to use acceleration in the open cage during a jump over a movable
screan barrier to ensure rapid motion of the dolphin in water. To do this, at the
beginning of the experiment the barrier in the cage was moved in a direction where
the dolphin was located. The dolphin, seeing a reduced space in the cage, acceler-
ated and jumped over tha barrier. The barrier was then moved in the opposite
direction and the dolphin made a second jump in the opposite direction. The dol-
phin subsaquently learned the problem and jumped at the instructions of the exper-
imenter. The height reached by the dolphin during the jump above the water reached
1.5-2 meters. During the jump the dolphin emerged from the water at approximately
an angle of 45-50° at a spoed on the order of 8-9 m/s.

It is obvious from the oscillogram of Figure 3 that the length of the entire jump
is equal to approximately 1,0 second. The frequency of skin oscillations is vari-
able and is within the range of 115 to 230 Hz. The frequency of oscillations dur-
ing acceleration increases, is then maintained relatively constant and then drops.
There are spoacial points on the oscillogram where the phase of oscillations changes
by 180°. These points correspond to the approximate time the animal enters the
watex during the jump.

Approximataly 10 jumps were recorded during the experiment. To ascertain the reli-
ability of the data, the effect of jerks and bends of the conducting cable and the
eftect of water flow on the vibration pickup were investigated after completion of
the experimonts. The investigations showed that throws of the pickup, bending of
the cable and the effect of water flow were not recorded by the pickup.

The detected oacillations may be generated by the central nervous system or locally
due to autoomcillations of the skin during motion. Since the rate of propagation
of the electric pulses in the muscular tissues of animals is within the range of
15-18 m/8, the time of passage through two structures, i.e., a single wavelength,
will be equal to 0.008-0.0055 second with gpacing of 5-6 cm of alteration of skin
structures, which corresponds to a frequency on the order of 125-180 Hz. This pro-~
vides the basis to assume that the detected oscillations can be excited by the
nervious system. On the other hand, it must be noted that the frequency of the
energy-bearing £luctuations of velocity in the turbulent layer is within the range
of 100-200 Hz. It is not excluded that these fluctuations may create surface
ogcillations of the skin.
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Figure 2. Oscillogram of Skin Oscillations of Dolphin During Slow Swimming
(the time marks correspond to 0.1)

Figure 3. Oscillogram of Skin Oscillations of Dolphin During Jump

It is of interest to compare the distribution of the rate of surface oscillations
- on the dolphin skin (Figure 1) to distribution of the modulus of elasticity of the
skin [4] and the distribution of the total thickness of the skin [5].

It is obvious from Figure 4 that the rate of propagation of oscillations for longi-
tudinal line c of the dolphin skin clearly correlates the modulus of elasticity and
the total thickness of the skin. As elasticity increases and the skin thickness
decreases, the rate of propagation of oscillations increases. Using the data of
the total thickness of the skin and determining the average density by the density
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Pigure 4. Dependence of Phase Rate of Induced Oscillations of Dolphin Skin
on Its Hechanical Characteristics: 1~-value cp; 2--modulus of
elasticity F; 3--thickness D; 4--static tension T; 5--total ten-
sion of skin during motion
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of individual layers [5], we find the disztributed mass of the skin for line ¢ (see
Figure l). According to the expressica taken from {2] for the rate of propagation
of oscillations, ona can calculate the tension of the skin from the relation

T cpM, (1)

whera T is the tension of the skin, H/m, cm is the rate of propagati&n of oscilla-
tions, m/s, and M is the distributed mass of the skin, kg/m2,

The tansion of the wskin was then calculated from experimental data on the rate of
propagation of oscillations and on the distributed mass of the skin. The calculated
tenaion is static since it characterizes the skin of the dolphin in a state of rest.
Tt 1o determined for line ¢ of one side of the skin (curve &4 of Figure 4). The
amount of tension is within the range from 54 to 502 H/m. On the other hand, the
value of dynamic tension occurring during motion in water for high speed, according
to {2], 4is equal to 80.1 H/m for the bottlencsed dolphin.

The total tenasion, added from static and dynamic tension, is of greatest interest
for analyzing skin deformation. Due to the effect of dynamic tension, the skin, be-
ing reinforced in the region of the head, the front flippers and on the chest [15],
is subjected to tension. Tension moves the skin with respect to the skeleton and
the skeletal musculature due to the presence of the subcutaneous fatty tissue. How-
ever, the skin is attached to the skeletal musculature in the region of the dorsal
fin and on the caudal stem and cannot be moved [15]. This leads to compression of
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it on the saction between the dcresal fin and the caudal fin. Thus, variation of
the sign of dynamic tension in Sections 6-7 of the dolphin skin must be taken into
acoount whan adding the tension (see Figure 1).

It in obvious from Figure 4 that total tension is reduced in the region of trans-
verse wectiona 7-10 to compression, and this may lead to formation of obligue and
transverse folds on the sides and stomach of the dolphin. Hardly tensed and com-
- pressed akin can easily be deformed due to the effect of flow and can be controlled
by the outaneous muscle. However, fold formation was not detected in experiments
in swimming dolphins.

lLat us comparo.the value of the logarithmic decrement of attenuation which we
measurad to data presented in [2]. According to expression(é) [2], the logarithmic
decrament of attenuation A can be determined from the relation

A = 5Ky, (2)

where Kn is the damping parameter. According to data of [2], Kp = 1.37 and A = 4.3
for the bottlenosed dolphin at low speed and Ky = 0.13 and A = 0.4 at high speed,
1.0., the osoillations are damped by a factor of 73 for low speed at distance equal
to one wavelength, while they are damped by a factor of 1.5 for high speed.

The eoxtent of attanuation, according to [2], shows that oscillations are essentially
not propagated at low speed, which does not agree with data of our experiment. The
invastigations which we carried out showed that even for a dolphin in a state of
rost, oscillations en the skin are propagated with damping by no more than a factor
of 2-2.5, Hence, it follows that the damping properties during variation of speed
do not vary over a wide range, and are close to values corresponding to high swim-
ming speed even in a state of rest.

Thus, the oxperimental material indicates correlation relations between the struc-
ture of tho skin and parameters which determine the state of the skin during motion
of tha dolphin. The material does not exclude the possibility of formation of the
corresponding mechanism on the skin of the dolphin, which may contribute to a de-
crease of its resistance to motion in the water.
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ubc- 574.6:532.5
SOME RESULTS OF SPECTRAL ANALYSIS OF FLUCTUATIONS IN THE BOUNDARY LAYER OF CETACEANS

Kiav RTONTKA in Russian No 13, 1979 signed to press 14 Jun 79 pp 58-62

{Article by A. A, Vishnyakov, L. F. Kozlov and V. M, Shakalo, Institute of Hydro-
machanics of the Ukrainian SSR Academy of Sclences, from the collection "gionika,"
Tzdatel'stvo Naukova Durka, 1,000 copies, 100 pages)

[roxt]) Telemetry investigations of the ‘boundary layer of cetaceans showed that the
Flow ovar a bottlenosed dolphin is turbulent or transient from laminar to turbulent.
A significant decrease of the lavel of the longitudinal component of velocity fluc-
tuations by the boundary layer of the bottlenosed dolphin was also established

{1, 3}, In this regard further investigations of the structure of the boundary
layer of cetaceans A&re of great interest. One of the methods of investigating

the structure of ths layer is spactral analysis of velocity fluctuations
in the boundary layer, The longitudinal component of the velocity fluctuations in
the houndary layer were measured to carry out this analysis on the Black-Sea bottle=
nosed dolphin.

The measuring apparatus was developed at the Institute of Hydromechanics of the
Ukrainian SSR Academy of Sciences on the pasis of a wire thermoanemcmeter operating
by a scheme with constant current intensity and a velocity meter in the form of a
gmall vane. The sansors (thermoanemometer and vane) were attached to the bottle-
nosed dolphin's body by an elastic belt. The design of the thermoanemometer pro-
vided suspension of a heated filament in the boundary layer of the animal at a con-
stant distance from the body surface equal to 1 mm with the required degree of

- acouracy. The longitudinal coordinate of the measurement point in the boundary
layer comprined 1,250 mm. The method of measurements provided apparatus and analyt-
ical compensation of erroxs arising during measurement of fluctuating characteris-
tiom uoing the wire thexrmoanemameter operating by a scheme with constant current
intensity.

The animal's swimming speed sensor contained a microlog of type Kh-6M,in which a
variable olectrolytic contact was used as the rotational speed to electric value
converter.

The entire rneasuring complex installed on the bottlenosed dolphin was connacted to
on~ghore recording apparatus by a thin flexible cable. The cable and apparatus
had no significant effect on swinming of the cetacean and the hydrodynamic charac-
tariatics being measured. The information coming in from the sensors was converted
and was recorded in encoded form on magnaetic tape.
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Tha meazurements were made on the bottlenosed dolphin in a marine basin measuring
80 X 3.5 X 3 meters surrounded by nets. The animal on which the investigations
ware made underwent special training, as a result of which it swam freely and
naturally in this basin with the apparatus attached to it and developed a speed
from 0.3 to 5.5 m/s.

The information recorded on the magnetic tape was reproduced and analyzed in a
apacial electronic device and was then recorded on 35-millimeter movie film in the
form of synchronous oscillograms of the bottlenosed dolphin's swimming speed, speed
fluctuations and a monitoring-calibrating signal. The oscillogram of the cetacean's
swimning wne .. recording of pulses whose repetition rate was proportional to speed
and was used to conatruct the graph dependence of the given speed on time. The
pariod of averaging the pulses comprised 0.1 second.

- A model of the dolphin's swimming, containing segments of motion at high and low
npead and at different acceleration, including when the animal swam against the
current in the boundary layer (Figure 1), was selected for spectral analysis. The
location and length of the analysis segments and also the transient nature on the
wnlacted sagment are shown here.

The flow over the dolphin in the considered model was transient and turbulent. The
beginning and end of transition for the measurement point corresponded to the dol-~
phin'sa average awimming spaeds Ucgy = 0,1 and 2.3 m/s (Rey = 105 and 2,3.106,
raspaectivaly).

Segments of uniform, accelerated and slowad motion in fluctuations of the dolphin's
swimming apeed, caused by work of its caudal stem, was subjected te spectral anal-
ysis, These fluctuations, ag is known [2], have the greatest effect on the inten-
sity of speed fluctuations and other transient processes in the animal's boundary
layer. Since the frequency of oscillations of this type comprised 1-1.2 Hz for the
nalocted megments, the laength of the analysis segments should be very short. The
kinematic characteristics of the segments are presented in the table.

Yo/t (1)

- Figure 1. Model of Bottlenosed Dolphin's Gliding Speed. The number of the

- geqment according t¢ the table is included in the numerator and
uniform motion (r), acceleration (u) and slowing (z) are included
in the denominator,

Key:
M/s

1.
2, Seconds
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The informatlon required to analyze these short segments of the model was taken by
reprodueing the corresponding segment of a continuous magnetic recording on a tape
gacorder of type AT. The operating principle of the tape racorder included contin-
uous ramoval of signals from the selected segment of fixed magnetic tape using
rotating magnetic playback heads. The length of the recording segment from which
the information was read was reduced to 0.4 second.

gpectral analyais of the reproduced signal was carrled out on a spectral analyzer
of typa 2107 of the Bruell and Kjer Company (Denmark) in the 1/4=-octave band. An
elghtfold tranaposition of the signal was reproduced on the 2107 apparatus to
analyze low frequencies of the spectrum. The total lavel of equipment noise during
playback and analysis was 20 dB below the level of the analyzed signal.

The authors investigated the low-frequency, most energy-carrying part of the spec-
trum in the band to 625 Hz. This consideration provides a sufficiently true idea
of the nature of the energy spectrum of the dolphin's boundary layer. This follows
from analysis of both the high-frequency spectrum of pressure fluctuations in the
bottlenosed dolphin's boundary layer, found in [3], and of the theoretical spectrum
in the high-frequency range [5]. The spactral graphs of the longitudinal components
of the spaed fluctuations obtained by the author in the bottlenosed dolphin's
boundary layer, recalculated to the l-Hz band with respact to the same initial
level, are presented in Figure 2. For better illustration, the x-axes in this fig-
ure are shifted by some distance from each cther. The origin of the coordinate
syastem for each spectrum is denoted on the y axis by an axrow with the number of
the segment. The scale line of the level of spactral components is drawn in deci-
bals parallel to it.

The mpsctra of the longitudinal component of speed fluctuations are cut off and are
Aistinguished by significant variability. It was possible to establish as a result
of the analysis that the number of extreme values in the spectra and their frequency
and amplitude are determined by the effect of instability, the average swimming

spend of the animal, the flow conditions in his boundary layer and mworeover, depend
on whother the animal affects the flow characteristics in the boundary layer or not.

The effact of instability was manifested in the fact that, upon acceleration during
the dolphin's swimming speed fluctuations caused by the work of his caudal fin,
aevtromo values appearad in the range of turbulent and transient modes at frequency
of 31-33 tiz, which were only in the transient mode during uniform motion and which
yenarally disappeared upon slowing down. Extreme value of the spectrum whose fre-
quancy comprined 10~13 Hz was observed in the transient flow mode upon acceleration.
The extrame value disappeared during uniform motion and slowing down. Since this
fraquency is contained quite satisfactorily in the range of instability according
to Schubauer-Scramstad-Tolmin [5)}, the given spectral peak is obviously determined
by the more vigorous increase of unstable fluctuations on the accalerated laminar
sogments »~f the trangient mode than during uniform and slowed motion.

A extreme value of the spectrum at frequency of 25 Hz, which could easily appear
according to [4], during formation of vortex strands in the layer, was observed in
the dolphin's boundary layer at the beginning of trangition of the laminar flow
mode upon accelaration (segment 18). This peak disappeared with further develop-
ment of the accelerated transient mode and an extreme value appeared in the spectrum
at frequancy of 150 Hz, obviously indicating, according to (4], the breakdown of
vortex strands and the beginning of turbulent spot formation. This extreme value
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dlsappeared at a specific stage of developmant of the accelerated turbulent boundary
layar. A aimilar pattern should be observed in the range speed fluctuations of
tha transient mode of the dolphin during uniform and slowed motion.
The effectn on the characteristics of the boundary layer produced by the bottlenosed
dolphin weve established by a significant reduction (by a factor of more than 2) of
the degree of turhbulence of the longitudinal component of speed fluctuations in
the boundary layer. The range of speed fluctuations corrasponding to thie mode is
found in sagment 2.
The characteristic foature of the spectrum during the effect on the characteristics
= ol tho boundary layer compared to that in the aksance of the effect mentioned above
(segment 1) 1s the significant energy concentration at frequency of approximately
- 50 1y with a simultaneous decrease of the adjacent spectral level in the frequency

B rangae from ?7 to 150 Hz. The range of speed fluctuations has eimilar, but no less
markad changos ith losser effectiveness of this effect (scogment 11).

fome eneryy concentration at 50-56 Hz is generally inherent to most spectra of

_ speed fluctuations. It was established in this cagse that the axtreme value of the
onvalopes corresponding to frequency of 50 Hz is not the setting of the commercial
froquency of the electrical system to which the electronic recording apparatus used
{u the axperinents was connacted. The presence of an extreme value at 50~56 Hz
apparently indicatns some initial adjustment of the mechanism on the characteristics
el the dolphin's boundary layer, which became maximum effective under specific
conditions,

It sheudd be noted that the spectra of speed fluctuations in tie dolphin's boundary
layer, obtainad by the authors, are in good agreement with corresponding spectra of
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prossures during active and passive swimming of this same species of bottlenosed
- dolphin obtained in [31.

'."'-6
S 7 7 R 0 A AT )

Ll

Figure 2. Combined Spectra of Longitudinal Speed Component in Boundary
Layer of Bottlenosed Dolphin

Kay :
1. dAR/Hz 3. Hz
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upc 597.587.2
DISTRIBUTION OF BODY MASS AND RED MUSCLES OF THE TUNA ALONG ITS LENGTH
Kiev BTONTIKA in Russian No 13, 1979 signed to press 14 Jun 79 pp 62-65

[Article by V. Ye. Pyatetskiy, Institute of Hydromechanics of the Ukrainian SSR
Academy of Sciences, from the collection "Bionika," Izdatel'stvo Naukova Dumka,
1,000 coples, 100 pages]

{Text] The common bluefin tuna (Thunnus thunnus) is one of the representatives of
tha Scombridae family, consisting of nine genera. Most representatives of the
family have innate fast swimming speeds. The tuna is a typical ocean predator
faoding mainly on small fish and squid. The area of distribution is the tropical,
nubtropical and partially the temperate reglons of the world ocean. It reaches a
length of more than 3.5 meters and a mass of more than 700 kg [2]. An intensive
water flow through the gills is required for normal supply of oxygen to the blood
of the tuna and this can be achieved only during motion. The precise value of the
swinming speed of tha tuna is not yet known. However, observations show that shoals
of thase animals in their search for food are capable of travelling ocean distances
of thousands of kilometers within several days and not a single fishing vessel is
capable of overtaking them,

pata from the literature are known [3], according to which the instantaneous swim-
ming speed of a yellowfin tuna caught on a hook comprises 74.59 km/hr (21.11 body
lengtha per second), while that of the wahoo comprises 77.05 km/hr (18.93 body
lengths per second). The measurements were made by using an electromagnetic marker
with oscillograph recording by the rate of payout of the fishing line, marked every
ineh of its length by a special paint. Speed "explosions" were observed only during
the first. 10-20 se. .ads after the fish was caught on the hook and then its value
decreased eignificantly, It is assumed that the results do not exhaust all the
anerqy capanilities of these fast-swimning marine animals. Therefore, study of the
biownargetic characteristics of their motion, body shape, specifics of functioning
of the muscular system and the topography of its distribution is of interest.

The ranults of investigotions to determine the distribution of the entire mass of
red muscles along the body of the common bluefin tuna (female, 857 mm long and with
mass of 11,815 grams) are presented below. The method of conducting the experiment
included the following: an animal's body with known total length L and mass Q,
frogan in the suspended state on the front part of the body was cut by using a sharp
thin-bladed knife into approximately n-equal length parts (in the given case n = 31)
(Flgure 1). The mass gn and length Al, of each part was determined. The dimen-
slonlass coordinate of the mid-length of each section and the specific mass q% (g/mn}
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per unit of length were determined. A qraph of the dependence of these values was
constructed from the data and the dimensionless coordinate of the mid-length of
each section was plotted along the x axis and the specific mass was plotted along
the y axis. The simple method of finding the mean values of two adjacent points on
the x and y axes was used to smooth out the resulting curve. This procedure was
accomplished graphically by joining these points by a straight line and finding

its middle, which was taken as the point belonging to the smoothed curve. The area
bounded by the curve plotted in this manner and by the x axis is equal to the mass
of the tuna with regard to the scale used, which was used as one of the criteria
for evaluating the reliability of graphic representation of the considered
dependence.

Figure 1. fTransverse Sections of Tuna Body

The dimensionless value q,/Q of mass was determined on the basis of these data at
each point of the mid-length of 20 arbitrarily taken calculated sections along the
length of the body. All the calculations were made in tabular form and the results
are reduced to a table in dimensionless form and are presented in Figure 2 (curve 1) .
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The sntire volume of the animal's body and also the volume of its red muscles was
determined in a aimilar manner. To do this, the areas of the entire cross-section
and part of this cross-section occupied by the red muscles were determined by the
planimetric mothod from photographs of its transverse sections made in known scale
{une Pigura l). Graphical amoothing of the distribution curve of the antire body
volume and the volume of the red musclas along the length was then carrisd out and
thesu functions were then reduced to dimensionless form. 2s in the previous case,
thess functions are presented with regard to specific weight in the form of curves
in Plgure 2 (curve 2 ia distribution of the entire body mass and curve 3 is the
mams of the red musclas) for convenience of checking the plotting of the curves and
also for clarity of analyzing the results obtained. The specific weight of the
tuna 18 Yy = 1.02 g/mm3 [1].

Tha srror of the results is found in the range of 2.5-3 percent. It follows from
conalderation ¢f curves 1 and 2 that the greatest mass of the tuna is concentrated
in the section located from the nose at a distance of (0.35~0,40) L. The mass of
the red muscles comprises 6.5 percent of the entire body mass and its distribution
¢:zve Along the langth of the tuna has a maximum at distance of (0.42-0.43) L from
the noso. To find the digtribution of the volume of the tuna's body along its
length, the y axes of curve 2 should be separated by the value of the tuna's specif-~
ic weight, taken as egual to y = 1.02 in the given case. The distribution of the
volume of the rad muscles is also determined in similar fashion by curve 3. One can
- conclude from the disposition cf curves 1 and 2 that the center of gravity of the
tuna'a body volume and the center of gravity of its mass practically coincide,

ww‘

& B

7]

o N AL
Fiqure 2. Distribution of Body Mass and Red Muscles Along Length of Tura
Tha qivan reaults can be used as input data when studying different problems re-
lated to tha hydrodynamics and bioenergetics of swimming of these animals.
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UDC 599.53:1591.485
THE ROLE OF HFARING MECHANISMS IN THE SPATIAL ORIENTATION OF ANIMALS
Kiov RIONIKA in Russian No 13, 1979 signed to press 14 Jun 79 pp 65-68

{Article by V. A. Saprykin, E. A, Levin and V. A. Protasov, Sevastopol', from the
collection "Bionika," Izdatel'stvo Naukova Dumka, 1,000 copies, 100 pages]

[Taxt] The role of hearing mechanisms in determining the speed of sound sources
during spatial orientation of animals has not been adequately studied. Promising
in this regard is investigation of such highly specialized animals as dolphins in

_ which spatial orientation is accomplished primarily due to the use of hearing mech-
anisme. There are very few publications directly devoted to consideration of the
given problem,

It i# known that the motion of the body in a fluild is accompanied by radiation of
sound--a noise signal in a specific frequency band. In this case the signal in the
wpactrum may contain discrete components of conaiderable amplitude [3]. The motion
of the sound source with respect to the raceiver leads to variations of the param-
aters of tho acouscic field being recorded. One may assuma that the animals use a
goniomaetric discriminatlion mechanism based on analysis of the change of direction
toward a moving object per unit time when determining the speed of a sound source
in water. Along with the foregoing, use of a frequency analysis mechanism is pos-
sible whore information about the speed of motion can be obtained by analyzing the
shift of the spectral characteristics of noise vadiation in time, determined by the
Doppler affect, is possible. The combined use of the given mechanisms is alsc
possible. In this case sequential analysis of the signal spectrum permits one to
determine both the radial and the absolute speed of an object.

The relationship betwean the velocity of a sound source and the extent of displace-
ment of the asignal frequency spectrum can be described by using the following
function (let us consider the source a point source and cne emitting a tonal fre-
quoncy algnal fg) [2]:

NEA
V= d!luaxe (1)
_ o, ]

whara h is the minimum distance between the sound source and the receiver (Figure
1), ¢ is the sgpaeed of propagation of acoustic waves in the medium and ldfd/d‘jmaks
{8 tho maximum value of the absolute derivative of the signal frequency of a moving
tonal sound sourxce in time 2 the readout system of a fixed receiver.
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The given expression was found by transformation of the well-known formula which
expranses the dependence of tha frequency of a tonal signal source moving at con-
stant velocity upon reception of radiation at a fixed point on the speed and direc-
tion to the reception point (the Doppler effect) [3]:

A (2)

{laxe @ ik tha angle betwean the perpendicular to the trajectory of motion from the
roception point and the direction toward the sound source (see Figure 1):

@ == arc sin V'_‘V._‘._{__F

In tho other case, according to known values of Doppler frequencies fq; and fdp and
the direction toward the sound source (which are determined by the values of angles
31 and o2) at different moments of time, making use of formula 2, to calculate the
speed of the source we find the expression

- f"

mﬁﬁwmm%' (3)

Vem

One can also cite other examples which illustrate the possibiiity of using the
Doppler effect to determine the speed of the sound source. It is significant that
the time shift of the frequency signal spectrum (or its derivative) must be deter-
minad when using similar methods of estimating speed. tnder real conditions when
a boidy is moving in an aqueous medium, a noise signal is emitted in the frequency
band; therofore, the speed of motion can be determined both by analysis of the
dincrete compononts of the signal spectrum and by tha integral characteristics of
noise enission.

- Figure 1. Diagram of Measuring Speed of Sound Source

Lat us assume that animals, specifically dolphins, use the frequency analysis
mechanism along with goniometric methods. To confirm the indicated hypothesis,
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one must investigate the resolution of the dolphin's auditory analyzer when dis-
tinguishing frequency deviation as a factor which determines the possibility of
estimating tha values of Doppler frequency shifts. Paper [4] is devoted to this
problem. The investigations were carried out on the common porpoise Phocaena
phocaona. The threshold value of frequency deviation (the minimum distinguishable
value of tonal signal frequency variation) in the given animal did not exceed 0.5
parcent of the carrier frequency in the entire frequency range perceived by the
porpoise. However, these data cannot be used to construct the poasible functional
modal of the hearing mechanism of the dolphin when determining speed since 2-4 Hz
or more were found for the modulation frequencies, whereas under real conditions
variation of .'gnal frequency occurs much more slowly.

L

Figure 2. Dependence of Threshold Values of Frequency Deviation SF on
Deviation Rata D for Different Values of Carrier Frequency:
l--2 kHz; 2--20 kHz

The differential thresholds of the hearing of dolphins by the rate of frequency
deviation (the value of freguency deviation per unit time) at infrasonic modulation
frequencies were studied in the experiments. The investigations were carried out
by using the conditioned reflex method on two adult females of the bottlenosed dol-
phin Turaiops truncatus, well adapted to confinement conditions. The animals were
located in a net enclosure and were taught to approach a permanent feeding spot
upon presentation of a positive conditioned stimulus and to return to their initial
pouition. A tonal signal was presanted constantly to the dolphins during this en-
tire axperiment and the modulation of this tone was a positive conditioned stimulus.
Modulatlon was accomplished by transmission of sawtooth voltage pulses to the tonal
wignal generator input, which provided frequency modulation by the law of variation
of the modulating voltage. The pulse amplitude and langth characterized the extent
of deviation and the rate of its variation per unit time.

The experimental data are presented in Figure 2, from which it is obvious that there

a is a threshold value of the rate of daviation for each carrier frequency at which
the dolphin no longer distinguishes the tonal and frequency-modulated signals. The
probabllity of an error in discrimination of these signals depends on the rate of
froquency deviation (Figure 3).

- The results of investigating the differential thresholds of hearing permit one to
distinguish zones where the dolphins possibly use the frequency analysis mechanism
at npecific ratios batween the speed of the sound source, the direction toward it
and the distance to the source., Differentiating both sides of equality (2) by time,
wa find a relation which links the indicated parameters:
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Pigura 3. Depsndence of Probability of Erroxs in Discrimination of Tonal
and Frequency-Modulated Signals Py on Rate of Daviation D at
pifferant vValues of Carrier Fregquency: Ll--2 kHz; 2--20 kHz
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where (1/f4) (dfq4/dt) is the ratea of frequency deviation and R is the distance to
the sound source.

rigure 4. Division of Space (R, V and @) By Surfaces of Threshold Values
Into Zonas of Use of Different Mechanisms to Determine Speed:
1~-2 kHz; 2-~-20 kHz

Kayt
1. Degree 2. M/s

Using data from the literature [1] on the capability of dolphins to distinguish
direations toward a sound source and the results of the authors' investigations,
one can dotermine the regions in which simultaneous use of goniometric mechanisms
for determination of speed and mecahnisms based on frequency analysis is possible
(Figure 4).
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The usa of the indicated mechanismes as those which utilize different channels for
obtaining information (goniometric and frequency) increases the operating efficiency
of tho auditory system of animals when determining the speed of sound sources and
in spatial orientation.

BIBLIOGRAPHY

Bel'kovich, V. M, and N. A. Dubrovskiy, "Sensornyye osnovy orientatsii kito-
obrazrykh" [The Sensory Bases of the Orientation of Cetaceans), Leningrad,
Nauka, Lo/,

Kotel'nikov, V. A. et al, "Investigating the Doppler Effect to Determine the
Orbital Parameters of Artificial Eartn Satellites," RADIOTEKHNIKA I ELEKTRONIKA,
Vol 3, No 7, 1958,

Miniovich, I, Ya., A. D. Pernik and V. S. Petrovskikh, "Gidrodinamicheskiye
istochniki zvuka" [Hydrodynam.c Sources of Sound], Leningrad, Sudostroyeniye,
1972,

Supin, A. Ya., and M. N. Sukhoruchenko, "Characteristics of the Acoustic
Analyzer of the Common Porpolse Phocaena phocaena," in "Morfologiya, fizio-
logiya i akustika morskikh mlekopitayushchikh" [The Morphology, Physiology
and Acoustice of Marine Manmals], Moscow, Nauka, 1974.

89
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060001-1

e



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060001-1

FOR OFFICIAL USE ONLY

UDC 599.53:591.422-23

MORPHOUUNCTIONAL ANALYSIS OF THE LIGAMENT-ARTICULAR APPARATUS OF THE LARYNX AND
PRACHEA OF DOLPHINS

Xigv BIONIKA in Russian No 13, 1979 signed to press 14 Jun 79 pp 69-73

- [Axticle by A. P. Manger and I. V. Karysheva, Institute of Zoology of the Ukrainian
- S8R Academy of Sciences, from the collection, "Bionika," Izdatel'stvo Naukova Dumka,
1,000 copies, 100 pages}

(Text] Adaptation of Cetaceans to an agueous medium while retaining pulmonary
respiration became possible due to the significant morphological changes which oc-
curred in the respiratory system and specifically in the larynx and trachea. How~
aver, the data of the literature [1, 3-8] has far from exhausted the problems of
the anatomical characteristics of the indicated orxgans until now and they contain
significant morphological errors. This is related, for example, to the ligamentc-
articular system of the larynx and trachea of dolphins, detailed study of which im-
proves the understanding of many problems of thelr functioning. Moreover, a similar
invemtigation may serve to a known degree as an objective criterion in problems of
simulating these important sections of air passages.

P. F. Lesgaft devoted much attention to the joint relief in his functional con-
structions, U assumed that the joint relief is of decisive significance to deter-
mine tho joint function. Lesgaft proceeded in this case from the dialectic-materi-~
alimtic understanding of shape and function as two interrelated and mutually
determined aspects of the same process. It was always emphasized in his papers on
functional anatomy that "reading” the function by the shape of the joint surfaces
iw of apecial significance for understanding the joints. We were guided by this

- vary principle in our investigations.

Typical joints with articular capsules in the larynx of dolphins are formed between
the thyroid and cricoid and the cricoid and arytenoid cartilages.

The cricold-thyroid joint (Figures 1 and 2) is formed at the location where the
caudal horns of the thyroid cartilage come into contact, having on their thickened
ends articulate cricoid surfaces with articulate thyroid surfaces arranged along
the sides of tha plate of the cricoid cartilage. The articular surfaces correspond
complotely to each other in size and configuration, i.e., they are congruent. The
joint capsule is difficult to stretch and is attached along the edge of the articu-
lar surfaces and it also encompasses the peak on the caudal horn of the thyroid
cartilage. Tha cricoid-thyroid joint should be related in shape and configuration

90
- FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060001-1



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060001-1

FOR OFFICIAL USKE ONLY

e

2
Figure 1

1
a
cartilage:

-~

b
Ligament~Articular Apparatus of Dolphin lLarynx:
amant; b-~thyroid cartilage:

a=-~cricoid
3~~caudal horn 4-~cricoid articular surface

l--plate; 2--coracoid process; 3--arytenoid ar-
ticular surface; 4--ihyroid articular surface; 5--beak lig-

l--plate; 2--anterior horn;
and with a single rotational axis around the longitudiral horizontal axis.
motions due to the effect of contract of a number of muscles:
thyroid cartilage ventrally and dorsally.

of the artlcular surfaces to flat or stiff joints with limited volume of motions
tenold carvtilages.

joints function simultaneously, determining the possibility of making the following

Both
deflection of the
In the first case some opening of the

entrance to the larynx is possible and in the second casa tighter closing of it is
among which the lateral and dorsal can be distinguished (Figures 2-5).

posaible due to the fact that the epiglottis joined to it moves together with the
thyroid cartilage, thus changing the distance between the epiglottis and the ary-

The articular capsule is attached by horny-cricoid ligaments,

Figure 2.

Iigament-Articular Apparatus of Dolphin Larynx:

thyroid ligament; 2--cricoid-tracheal ligament; 3--thyroid-
cricoid ligament; 6-~trachea

tanoid cartilages.
to each other.

l--cricoid-
epiglottal ligament; 4~-thyroid opening; 5~-lateral horny-

The cricoid~arytenoid joint (Figures 4 and 6) is paired and is formed between the

convax articular arytenoid surfaces located on the front edge of the plate of the
cricoid cartilage and by convex articular cricoid fossae at the bases of the ary-
along the adges of the articular surfaces.
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The articular -urfaces have an ellipsoid shape and correspond
The articular capsule is rather easily stretched and is attached
The articular capsule 1is thickened on
the dorsal side since the dorsal nricoid-arytenoid ligament is entwined into it
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(soe Figure 3, 2). 'The cricoid-arytenoid joint, based on the shape of the articu-
lar surfaces, should be related to aellipsoid joints with the possibility of moving
around two mutualiy perpendicular axes: the horizontal lying in the sagittal
plane and the vartical. Both joints function simultaneously, determining the de-
flectior of the arytenoid cartilages ventrally and dorsally around the horizontal
axls and rotation of the arytenoid cartilages laterally and medially around the
vortical axin. In the first case opening of the entrance to the larynx (upon de-~
flection of the cartilages dorsally) or tighter closing of it (upon deflaction of
the cartilages ventrally) are possible due to the effect of a number of muscl‘es..
Upon movement of the arytenoid cartilages around the vertical axis, rotation of
tha latter in lateral directions opens the entrance to the larynx and on the con-
trary bringing the cartilages to each other accomplishes tightei: closing of it. The
cricoid-aryvtenoid joint is very similar in the entire shape of the articular sur-
faces to the atlantaleoccipital joint in land mammals, but with more restricted
apan nf movements.

Figure 3. Ligament-Articular Apparatus of Dolphin Larynx: l--interaryten=-
oid fissure; 2--dorsal cricoid-arytenoid ligament; 3--dorsal
horny-cricoid ligament; 4--cricoid-tracheal ligament

- 1f the articulations with joint process described above are interrupted, the con-
nection between tha basa of the epiglottis and the front adge of the body of the
thyroid cartilage can be confidently related to the synchondroses, i.e., to the

- cartilaginous accretions (see Figure 5), This connection is very strong and almost
excludes the possibility of the epiglottis moving with respect to the thyroid car-
tilage. At the same time if a number of muscles contract, the epiglottis~-thyroid
cartilage svstam may move in the cricoid-thyroid joint. Separation of the epiglot-
tal cartilage from the arytenoid cartilage or closer approach of them then becomes

, pousible., In the first case the thyroid cartilage together with the epiglottis is

- daflected ventrally, thus opening the entrance to the larynx. In the second case
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the epiglottis~-thyrcid cartilage system is deflected dorsaily, which provices
tighter closing of the entrance to the larynx.

a b

Figure 4. Ligament-Articular Apparatus of Dolphin Larynx: a--cricoid
cartilage: 1--plate; 2--arytenoid articular surface; b--
arytenoid cartilage: 1l--vocal chord process; 2~-cricoid
articular surfuce

Anatomical investigation of the ligament apparatus made it possible to establish

- that there is no hyothyroid ligament in the dolphin larynx, which exists in most
jand mammals. We feel this is explained by the fact that the thyroid cartilage is
almoat completely adjacent with its front edge to the large horn of the hyoid bone
with regard to the almost complete absence of a neck region. At the same time the
thyroid-epiglottal ligament, especially well marked in the bottlenosed and white-
aided dolphins (see Figure 5, 3), achieves significant development in dolphins.
This ligament is stratched between the cranial horns of the thyroid cartilage and
tha lateral plates of the epiglottis, filling the anterior-lateral thyroid notches.
Tha thyroid-apiglottal ligament in the porpoise and sometimes in the bottlenosed

-- dolphin is sometimes pierced approximately in the middle by an opening which passes
' through the inner branch of the cranial laryngeal nerve and the cranial laryngeal
artary.

The cricoid-thyroid ligament is stretched between the half~arcs of the cricoid and
roar odge of the thyroid cartilages (see Figure 5, 1). It is rather easy to
stretch and has a yellowish color since it contains & large number of elastic
fibars. The lateral edges of this ligament change without a sharp boundary to the
inner surface of the laryngeal cartilages, participating in formation of the elas-
tic interlayer between them and the mucous membrane. Since the ring of the cricoid
cartilage is not closed in dolphins, the ventral ends of the arcs are connected to
— each othar by an easily stretchable transverse ligament (see Figure 5, 2).

Thus, the openness of the cartilaginous ring and also the presence of a large
number of alastic fibers in the cricoid-thyroid transverse cricoid ligaments of
the larynx permit one to assume significant stretching of the ventral wall of the
larynx.
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Figure 5. Ligament-Articular Apparatus of polphin Larynx: l--cricoid-
thyroid ligament; 2--transverse cricoid ligament; 3-~thyroid-
epiglottal ligament; 4~--cricoid-tracheal ligament; 5--thyroid
opening

The anterior edge of the cricoid cartilage is connected to the first ring of the
trachea by the cricoid-tracheal ligament (see Figure 3, 4 and Figqure 5, 4). The
fibers of this ligament are entwined on the ventral side into the' transverse cri-

- coid ligament. On the whole the cricoid-tracheal ligament, as described above, is
stretchable and provides some mobility of the larynx with respect to the trachea.
The ligaments of the cricoid cartilage are also related to the small connective-
tissue membrane stretched between the tip of the beak and the anterior edge of the
plate of the cricoid cartilage (see Figure 1, 2).

Figure 6. Cricoid~Arytenoid Joint of White-Sided Dolphin (the thyroid carti-
lage is removed. Photo was taken from a preparation)
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Basnd on the data on tha anatony of the ligament-articular apparatus, cne can con-
clude that the greatest motions in the laryngeal stroma of dolrhins is possible in
the cricoid-aryteroid joint related to two-axis ellipsoid joints. It is obvious
that movements of the arytencid cartilagesplay the main role in opening and closing
of the entrance to the larynx. The cricoid-thyroid joint, being a single-axis

- joint A4ffjcult to stretch, apparently plays a supplementary role with respect tc
the ericoid-arytenoid joint. At the same time complete opening or closing of the
antrance to the laryax can be accomplished only with the combined interaction of
both joints functioning simultareously cue to the contraction of one or another
muscles of the laryngeal musculature. The morphology of the ligament apparatus of
the larynx -~ .slphina indicates the possibility of considerable stretching of the

_ ventral wall of the larynx due to the effect of through flow of air.

the ligament apparatus of the dolphin trachea is characterized by the absence of

a longitudinal membrane which closes the half-ring of the trachea on the dorsal

side in most marmals. This is related to the fact that the tracheal rings of dol-
phins are complete and frequently are superimposed on each other, forming a flexible
degcanding tube.

As nlroady pointed out, the cricoid-tracheal ligament, which provides some mobility
of tho larynx with respect to the trachea, is most marked in the porpoise. The
iigaments between separate rings of the trachea and the major bronchi (circular)
conslyts of rough fibrous connective tissue difficult to stretch, which corresponds
to an even greater degree to the structural strength of the trachea.

The indicated characteristics in the structure of the trachea of the porpoise ob-
viously have a clearly marked adaptive nature since the animal catches and swallows
whale pray when located under the water surface. It is natural to assume in this
case that pasaage of food (most freguently fish) through the food tract would sig-
nificantly deform the trachea with soft membranous part, thus creating specific
difficulties for the dolphin to inhale, exhale, sometimes following immediately
after swallowing the prey.
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UDC 591..485;597.5
THE PROBLEM OF SOUND PERCEPTION IN FISH
Kiev BIONIKA in Russian No 13, 1979 signed to press 14 Jun 79 pp 73-91

[Article by A. Yu. Haproshin, Far Eastern OKTB Dal'tekhrybprom, from the collection
"Bionika," Tzdatel'stvo Naukova Dumka, 1,000 copies, 100 pages]

{Text] Daspite the extensive development of hydroacoustic methods of finding fish

. and controlling their behavior near the catching mechanisms, problems related to

- the practice of controlling the behavior of commercial fish have not been solved
until now., Experimental papers in this field made it possible to develop special
sound~smitting apparatus designed to scare fish from the mouths of purse seines [19],
Moreover, according to the data of the commercial fleet, the effect of this device
was lower than expected, The reason is the insufficient number of biological and
bioacoustic investigations which permit justification and checking of the possibil-
ity of using this method.

Problums on which concentration is concentrated in many literary sources [4, 24 and
#0 on] are vory important in reslizing methods of practical use of sound to control
fish behavior. They include primarily problems of sound perception by animals, the
machanism of saparation and processing of tha sound signal by the receptor fields
and the higher processes of the nervous system and the mechanism of sound location
by the mensory organs of fish. One can say in application to lower vertebrates
that publications which illuminate these problems do not usually encompass the
problem universally (taking the functional and ecological-morphological character-
istics of the sound perception mechanisms of fish into account).

The advances which we have in study of the organs of hearing in fish with an air
bladder cannot answer some specific but nevertheless important questions considered
in this paper. At the same time we do not pose the task of describing the opera-

- tion of such receptors as the neuromasts of the lateral line of fish, the air blad-
dar wystem with Weberian  apparatus, which has been already outlined in detail in the
papers indicated by us, and also in many other publications [23, 27, 28, 31, 32 and
80 onj. We fesl that the functional aspects of this problem, which permit one to
investigate the physical model of the hearing complex of fish and its response to
a sound stimulus, are of great interest., Taking into account that the sound wave
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in water differs somewhat in its manifestations from sound in air, data from the
field of hydroacoustics and bioacoustics are usrd to study the receptors which
make it possible to analyze quantitatively the distance at which sound perception
by fish is possible and to denote the frequency range used to separate and process
information raceived over the acoustic channel.

We intentionally did not touch on some probleme related to processing acoustic
signals, problems of sound localization by fish and so on since this material (due
to its specific nature) can be presented independently.

pospite the significant number of publications of problems related to hearing in
tishes and information transmission over the hydroacoustic channel, they are all
usually narrowly specialized. There is the need to generalize and analyze all con-
cepts, hypotheses and assumptions for developing a unified theory of sound percep-
tion by fishes to understand the existing principles.

The given material (both original and the papers of other authors) was analyzed
from the viewpoint of hydroacoustics and bioacoustice, physical acoustics, radio
alactronica and the physiology of hearing. All the given calculations and graphs
are prosented with regard to their practical use. At the same time some hypothe-
sos related to the machanism of sound reception are advanced. Some efforts are
probably required to rafuta or confirm them and the author will assume his task
fulfilled if these trends evoke interest on the part of alectrophysiologists, mor-
phologists and acousticians.

Sound in the aqueous medium. Underwater sound iz elastic oscillations of fluld
oocutring dua to the effect of wave disturbances. They can be maasured by several
physical values but the main ones of them in bloacoustics are pressure p and dis-
placemant of €luid particles £. Pressure is caused by variation of the particle
density of tho madium due to the effect of elastic oscillations and can be meas-
ured by using a hydrophone. Particle displacement is a vector value which char-
scterizes the direction of motion of the wave front of the sound disturbance.

pistribution of plane acoustic waves in the fluid depends on its acoustic trans-
mission and in some cases can be limited by rigid boundaries: the bottom, surface
and the layer of the temperature jump. Acoustic transmission is characterized by
wave impedsance z, which is the ratio of sound pressure to the extent of particle
displacament in the moving sound wave. At a long distance from the emitter, its
value is equal to pc, where p is the density of the medium and ¢ is the speed of
sound in the given medium ([3].

The medium can be "hard" if the wave impedance is high and "soft" if it is low. 1f
the acoustic wave ancounters a barrier (the body of a fish with air bladder) in its
path, part of its energy is reflected from this obstacle and another part will be
convertad to heat and to the mechanical energy of the obstacle. Re-smission of the
wave at this point is also possible., If the characteristic impedance of the med-
fum and the obstacle coincide (2] = 22) and if their densities (p; = p2) and the
speed of sound in them (c1 = c2) are also equal, the acoustic wave passes through
thia obstacle without hindrance.

The wave emitted by a point sound source is spherical, but it may be regarded as
locally plane at long distances from the source. It is assumed that the zone of
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apherical waves i located at distance 1 = A/2T fror the sound source, where i is
the acoustic wavelength. This segment has been called the near zone or near field.
spherical waves in the immediate vicinity of the sound source have an important
feature--slight excess pressure of the emitter causes extersive motion of the par-
ticleas of the medium [11].

Conducting bloacoustic investigations is related to measuring the parameters of

the acoustic field: scund praessure, a-c velocity and displacement of the particles,
- 1.e., those parameters which are perceived by fish using their receptor fields.

These parometers can be calculated by the formulas

v =221+ £7)
in a-c velocity,

=Ll 1+ L) r e =20

is particle digplacement,

p(n z
)

lu the ratio of pressure to a-c velocity.

- The values cf these parameters will be different as a function of the distance from
_ the gound source at which the measurement is made and what the signal emission fre-
quency is.

The valua of pressure wave attenuation in the far zone is determined as B =

. 0,0363/2 dB/km (18], while the law of its variai:ion is more complex in the near
zone. The fact is that the spead of sound in the immediate vicinity of the emitter
has values considerably different from normal values and it may exceed the speed of
sound in the near zone, which is explained by the higher response of the medium to
acouatio disturbance since the acoustic impedance has considerable varjations. Its
value ie determined by the formula

lpreo
=T

where ;) {e the denslty of the medium (it is 1.04 g/cm3 for sea water), r is the
distance from the emitter, cm, w = 27f is the angular frequency, f is frequency,
Uz, k » 27/ is wave number and c is the speed of sound, cm/s.

~ The impedance z is a complex value in the near zone. The active and reactive com-
ponents of the characteristic impedance are low at short distances from the emitter.
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The abaolute value of sound pressure is dependent on the characteristic impedance,

- while osoillations of the latter cause significant variations of pressure in this
region. We caloulated the sound pregsura field uasing linear theory for the near
zone (Figure 1) on the condition that we found pressure equal to 0.1 Pa at the
point of measurement at 1 meter from the emitter.

If an emitter which develops other pressures is used in the experiment, a multiple
coefficient must be introduced. For example, if the real emitter develops sound
preasure of 0.6 Pa, the coefficients of the points of the curve should be multiplied
hy six. ’

It ia ntvious in Figure 1 that a maximum value of sound pressure exceeding the value
measurad at 1 meter from the emitter is observed due to variations of the parumeters
of the acoustic field observed in the near zone at some distance from the emitter
more than 1 meter, i.e., at the boundary r = A/2m. It decreases as the distance
incroases and approaches the level measured at 1 meter on the boundary of the in-
termediate zone. :

In our case tha saction of space at the beginning of which the principles of vari-
ation of the sound field parameters are valid for the near zone and at the end of
which thoy are valid for the far zone, is called the intermediate zone. This seg-
mant im limited by Aimensions A/2m - 3)\/27.

Figura 1. Dependence of Sound Pressure lLevel on Distance from Emitter
(lavels are in decibels with respect to 2.10-5 pPa): dark
circles--boundary of air zone; light circles--boundary of
intermediate zone

Kay:
1. Decibsls 2. Hz

As froguency increases, the position of the pressure peak shifts to the left along
the x axis. There is no rise of the sound pressure levzl at distances greater than
1 metar for frequency of 500 Hz (or more) when the boundary of the near zone is
located at 50 cm from the emitter, while the pressure amplitude beyond this zone
decreases according to the principles of the far zone.

It does not follow from the foregoing that additional power appears at the noted

points. The fact is that all measurements in biocacoustics are reduced to a distance
of 1 mater and, locating the hydrophone at this point, we can have minimum emission

) : 100
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(although aiqgnificant sound pressure levels are emitted), while the maximum is
- locatad to tho right of the point at which the measurement is made.

The indicated relations can be so clearly exprassed only for a point emitter in
the deep sea upon emission of a harmonic signal. The complex shape nf the emitter
(which causas the phenomenon of interference), the emission of a wideband signal,
the presence of rafraction, reverberation and so on conceal this phenomenon, re-
ducing the abhsolute value of ejections, however they do not occur in a real situa-
tion [3). This phanomenon should be recalled when studying the effect of infra-
gound (induced by the hull of commercial ships) on shoals of fish.

Grapha of variation of the particle displacement in the near zone upon excitation
of acoustic oscillations using an emitter developing pressure of 0.1 Pa at distance
of 1 moter are presented in Figure 2. The effective sound pressure of the required
frequancy at the distance of interest should be determined and then the numerical
value of the displacement found from the graph of Figure 2 at the same frequency
and same distance should be multiplied by the value of sound pressure to calculate
the absolute value of displacement (in the real case) from the graph of pressure
wave attenuation (see Figure 1).

ar

qor

Figure 2. Dependence of Particle Displacemant on Distance From Emitter

Kay 1
l. Hzx 3. Intermediate zone
2. Zone of spherical waves

There im the opinion that particle displacement is not dependent on the intensity
of the acoustic signal [29], but we feal this is not true. The extent of displace-

A \8jinR
ment is §"155;;[’4f(§;7) i , and its absolute value is directly proportional to

gound pressure in the given formula as well as in the formula given by Udo [48].
Thua, the absolute value of displacement may exceed the threshold values perceived

- by fish even in the near zone. The denominator contains the distance to the sound
mource and consequently the extent of particle displacement is dependent on dis-
tance, which does not correspond to the conclusions of [2].

The organs of sound reception in fish. It was established that all sound receptors
in fish are combined into three receptor systems: the inner ear, the inner ear in
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combination with the air bladder and the lateral line since a unified morphological
structure is used as the basis-~the elementary receptor is a waxy cell [17]. Dif-

ferent specles of fish may have the indicated receptor systems in different combin-
ations, which provides reliable contact by them with the medium for several of its

paramatory.,

The inner éar. The sound receptors &re located in the lowar part of the inner ear
(lagenae and sacculus) and the receptors of acceleration and the position of the
figh in space are located in the upper part {the semicircular canals with the oto-
lytic organs) (38). As an organ of hearing, the inner ear is a paired organ lo-
cated in the antaerior part of the head behind the eyes. The sacculus and lagenae
{reaponasible for reception of acoustic oscillations) have regions with waxy recep-
tor cells--maculas. The otolyth is located on them in the layer of the jelly-like
mass. It is assumed that when affected by acoustic oscillations, it lags somewhat
bahind the mechanical oscillations of the system of the auditory apparatus and
slides with some delay along the hairs of the receptor field of the maculae--
steroocilia and kinocilia, causing them to bend {17]. Bending of the hairs leads
- to variation of the potential of the cell. If the otolyth is shifted toward the
kinocilia, the intracellular potential changes its aign and the cell is depolarized,
causing stimulation. If the shift occurs in the opposite direction, the cell is
hyperpolarized and inhibition begins,

According to [42), since the characteristic impedance of the water and body of the
figh are 4ifferant, there are no problems relative to the energy reaching the ear.
jlowever, it remains unclear in this case how acoustic oscillations are recorded.

Since the properties of the endolymph £1iling the membranous labyrinth differ in no
way (or differ alightly) from the properties of the fish body (20], the receptors
of tha inner sar do not raspond to the pressure wave due to its incompressibility.
Tt is hardly probably in this case that the otolyth is shifted in a viscous fluid
due to the affect of pressure waves or displacement, espacially at low values of
Adiaturhbing oscillations.

The presence of a freely floating bladder inside the ear is indicated in some
papors (see, for example (47]1). It is assumed that it plays the role of the cavity
which responds to sound pressure and contributes to displacement of the otolyth
alonyg the maculus. However, there is as yet no practical confirmation of this
hypothesis.

The air bladder having no relationship to the inner ear. Reports have appeared

recently on the transducer function of the air bladder [25, 45]. It is assumed

that the pressure amplitude perceived by the air bladder of fish causes vibration

of it in time with the exciting frequency. the oscillations induced in the blad-

- der excite the displacement amplitude around it and accordingly in the inner ear
of f£ish, which, as indicated in [25], exceads the displacement due to the sound
source located at 0.5 meter from the fish.

Thie statement should be regarded critically for the following reasons: 1) it must
- pa assumed that this excess energy of oscillations of the bladder occurs as a re-
) sult of its resonance properties, but according to available data (see below), the
air bladder operates like a wide band, rather than a rescnance transducer; 2) the
ear is not a raceptor of wave displacement (like the lateral line); 3) since

102
- FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060001-1



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060001-1

- FOR OFFiCIAL USE ONLY

creation of powertful sound pressure sources (for example, the noise of fishing
vasrels), the acoustic oscillations from which are propagated for tens of kilom-
atars, ls technically possible, one would also expect fish to respend to them at
the same distances,which is not observed in reality; and ¢) it is pointed out in

_ [32] that removal of individual receptors (the air bladder, otolyth, sagittus,
utriculus and the entire labyrinth) causes only a reduction of the sensitivity
thresholds at fracquency of 150 Hz to various degrees, but it is still difficult
to anuwer the cquaestion of the essence of the perceived components of sound due to
the complexity of asound perception by different receptors.
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Figure 3. Audiogram of Fish in Which There is No Contact of the Air
Bladder to the Inner Ear [42]): 1~~Lutinephauls apodus ;
2--Tralassoma bifasciatum; 3-~Prianotus scitulus; 4--Holo-
centrus voxillarious; S5~-Haemulon sciurus; 6--Holocentrus
ascensionus

Kay:
1. Signal level with respect to 1 Ubar, dB 2. Hz

The frecquency range perceived by fish in which there is no connection of the air
bladder to the inner ear is very narrow and occupies the region from 100 to 1,000
Hz with maximum in the frequency range of 300~600 Hz and very rarely reaches fre-
quencies above 2,000 Hz, while their sensitivity to sound varies over a wide range
from +2C to =40 4B (with : spect to 0.1 Pa), which can apparently be explained by
the ecoloyical characteristics of each of the spacies (Figure 3).

The air bladder combined with the innex ear. Although there is a large diversity
of morphological characteristics in the structures of reception of acoustic oscil-
lations in fish {n which the air blzdder participates, they can be divided into two
groups--reception using Weberian's mechanism and using the processes which connect
the bladder to the inner ear.
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Figure 4. Audiogram of Fish Having Connection of Inaner Ear to Air Bladder
[42]: l--Ictarulus nebulosus; 2-~-Leucaspius delineatus; 3--
edd Ciprinus carpio

Key:
1, Signal level with respect to 1 ubar, 4B 2. Hz

s

The first type of tranaducer is based on the use of a number of bones which trans-

form tha forces occurring during oscillation of the air bladder and transmit them

to the rear wall of the unpaired sinus ané thus provides contact with the trans-

verse channel of the labyrinth and the lagena [23, 41). ‘These oscillations are

- transmitted to the otolyths in the lagena and saggitus where they also excite the
waxy colls of the maculus. This mechanism is typical for carp, mainly freshwater
fish.

The meocond type of connaction is provided by the processes connecting the bladder

to the chambers of the inner sar, The working principle of this system is similar

to the previous one. The indicated mechanism of sound perception exists in some -
marine fish (16].

The trequancy range of hearing in fish with Weberian  apparatus is the widest and
raaches from the lowest to 5,000-8,000 Hz in some of them, although the maximum
mensitivity is observed only in the low fraquency range (500-1,000 Hz). As can be
saen from the audiogram of Figure 4, the variation in sensitivity is not very wide
and fluctuates in the range of (-30) to (-45) dB (with respect to 0 dB = 0.1 Pa).
in fish related to the second group, the upper bound of the range of hearing does
not axceed 3,000 Hz, while maximum sensitivity is in the same range as for the
tirat group of fish.

one should conclude from analysis of available data on the gensitivity of fish to
sounds that the highest sensitivity for almost all investigated species is equal to
-40 to -45 dB and is located in the range of 300-1,000 Hz., These parameters coin-
cide with the hearing sensitivity and range of man [40].
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Figure 5. Audingram of Some Fish Having Wide Frequency Responses [41] :

l--Leucaspius deiineatus; 2~-Astaynax jordani; 3--Astaynax
mexicanus

Kay:
1. Sound pressure level with respect to 1 pybar dB 2. Hz

The volume of the air bladder fluctuatas over a wide range in different species of
fish (from several cubic millimeters in anchovies and others to 200~500 cm3 in
sturgeons) and is dependent cn the depth at which the fish is located. As pointed
out in [15]), one may assume that the shape is spherical when calculating resonance
frequencies for small volumes. There is a relationship batween the dimensions of
aome fish and the volumes of their air bladder (8]. Many authors present empirical
formulas in their publications to calculate the resonance frequaency by the known
volume of bladders of fish {35, 36 and so on].

Ghecking cnlcu%,&iom carried out by the formula f = (6.8/d)k, where k =
= [1+ (10/h)] + d is the diameter of the bladder, cm, and h is the depth of the
- fish's location in meters (36], show that the averaged resonance frequency of the
sounds amitted by salmon exceed the calculated value by a factor of two. Based on
logical prerequisites, the highest g-factor and the maximum sensitivity of hearing
should be obsarved at the resonance fraquency of the bladder. Theae prerequisites
have bean confirmed in [40], but the presence of a relatively wide frequency re-
sponse in the resonance range of the bladder in fishes has been pointed out in [45],
which im obvious from the audiogram presented in Figure 5. The absence of spectral
coincldence of the emitted frequencies and the range of hearing has also been noted
by other authors [26].

The lateral line. The acoustic receptor in fish is also the waxy cells of the lat-
eral llne--the neuromasts located in the depressions along the line, connecting the
mid~part of the gill arch with the notch of the fish's tail [28]. Moreover, there
are additional receptor fields with waxy cells on the fish's head. It is assumed
that the waxy cell responds to sound, but only to one of its manifestations--the
displacement wave,

All the waxy cells of the lateral line have direct contact to the medium and record
the nlightest motions and microcurrents of the water. The waxy cell is incapable
of registering sound pressure due to its morphological and physiological
characteristics,
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As indicated previously, the waxy cell performs the functions of sound receptor in
the inner ear, being a saecondary receptor. There it is connected by a system of
auxiliary devices and accessories, by means of which it registers sound pressure.

Tha waxy colla of the lateral line are orianted in the fish's body such that they
permit it to monitor the variation of the displacement wave gradient in three
planes independent of the function of the air bladder. The audiograms for the

air bladder and lateral line usually do not coincide, but a considerable section

of the spectrum (toward the low frequencies) is overlapped during joint work of
them, which permits considerable expansion of the range of information used through
tho acoustic channel [44). The sensitivity of the waxy cell to the displacemgnt
wave hia beon cited in the literature and its threshold value is equal to 25 A [33].
This value has been found indirectly since there ars as yet no devices which permit
one to measure the displacement of water particles in this range.

Other types of receptors. As pointed out in [20], the more sensitive mechanical
receptors in the tissues of vertebrates are sncapsulated formations--so-called
Pacinian corpuscles. These types of receptor formations reach their greatest de-
valopment in the higher verteprates--birds and mammals. Located along the periph-
ery in mammals, they apparently generate packets of nerve pulses following the
frequency of the stimulating oscillations in reponse to the vibrational frequency
of the medium and accordingly of the animal's body [4].

the rosponsa of the cell and the "discharge" of the potentials occur only at vari-
able valums of the applied force, rather than with constant pressure of it. The
tiigher the proasure gradient, the more affactive tne Pacinian corpuscles generate
narve pulges. Theae receptors have high sensitivity to mechanical oscillations and
may Serva, as indicated by Hunt and Macintyre [according to 4], vibration detectors
with threshold values of 10-100 um in the frequency range of 2-300 Hz.

Along with location of the indicated receptors in the surface layers of the skin,
_they can be found in the most unexpected parts of the body, being located near the
nanguifarous vessels and other organs. The gensitivity of these inner Pacinian
corpuscles is much higher (up to one micron) compared to surface location. More-
over, their sensitivity to frequencies in the range of 200-400 Hz is enhanced.

1f ono assumes that they are also found in some fish, then being located in the
immediate vicinity of the air bladder, they may play a significant role in percep-
tion of the prassure wave in those f£ish which have no connection of the air bladder
to the inner ear (salmon and so on). Oscillations of the bladder excited by an
acoustic signal acting Pacinian corpuscles will cause excitation of them.

Thare is as yet no data on the air bladder's capability to register pressure waves.
The presance of some structures similar to strain gauges or other mechanisms or
raceptors aimilar in function is required for this.

tt wan noted in {13] that the specialized receptors of the lateral line--Lorenzini's
ampulla--may also perceive sound oscillations like mechanical receptors. However,
they are present only in a limited number of fishes--"strongly electric" fish and
some sharks. The possible receptors of fish responsible for reception of pressure
waves and displacemant waves and their functional relationships are presented in
Pigure 6.
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Figuro 6. Possible Receptor Systems of Fish Participating in Registry of
Acountic Oscillations

Koy

Central nervous system

Inner ear up to 100-3,000 Hz

Lateral line up to 200~300 Hz

Alr Channsls

Weberian apparatus up to 5,000-8,000 Hz
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- Conformity of the range of hearing and sounds emitted by fish, A large number of
diverse sounds from fish inhabiting different ecological conditions has now been
rocorded. These sounds should be divided into specialized and unspecialized. Us-
ing the former, exchange of interspecies information is possible and their main
function includes helping specimens to find or avoid each other. The sounds of
the mecond yroup correspond to physiological processes occurring in the fish organ-
ism. Although they are not related to specialized sounds, they may carry informa-
tion about the presence of food (the crunch of feed being ground, sounds of closing
of tha jaws, clucking sounds which accompany swallowing of food by large fish and
so on), construction of the nast (by the noise of pabbles being rolled) and so on.

Some investigators note that although fish are capable of producing sounds, their
acoustic signals do not play such an important role as in ocher vertebrates and
point out in this case the disproportion in development of organs of sound forma-
tion and hearing (the latter are more highly differentiated) [43].

To compare the size of the information channel by the width of the spectrum, we

cons idered nounds of 38 species of commercial fish and those with limited commercial
importance (Figure 7). The following conclusions can be made from the given graphs:
all the specialized sounds of fish are located within the frequency zone to which
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- the organs of sound reception are most sensitive, i.e., the signal is within the
avolution of advantageous interaction betwesn participants, each of which attempts
to incrasse the efficiency of exchange of the amount of information [37]; unspecial-
1zed sounds (accompanying sounds) may occupy the fraquency spectrum beyond the
heariny range; the range of acoustic signals in fish with air bladder is shifted
to the low-frequency region; the additional harmonice and formants in the sound
spectrum may occupy a range up to 16-20 kHz but probably do not participate in the
process of hearing; we assume (by analogy of human hearing) that different pitch of

- fish sounds is transmitted in this manner. : :

Practically all the sounds emitted by f£ish are in the range of hearing of fish

- (502,500 Hz) and occupy the higher frequency range (up to 5,000 Hz) only in some
figh (tuna and sardines). With regard to the lower frequency region of the spec-
trum, some authors (}4] and we recorded sounds in the range of 5-20 Hz in salmon
{71, but no careful investigations were conducted on determination of infrasounds
in fish.

All gounds emitted by fish can be divided by their nature into groups as a function
- of their phonetic sounding.

1. Cracks and nolse--wideband sound signals of acoustic origin~-are sounds accom-
panying the activity of fish [9]. They can be observed in fish constructing spawn-
ing nests in solid soil (salmon) and making jumps on the water surface (salmon and
tuna).

2. sounds similar to grunting and croaking comprise a large group. They usually
occur when air is expelled from the air bladder in open-bladder fish (salmon and
herring) or when air is pumped into sections of the bladder (in fish with two-
chamher bladder). These are harmonic oscillations of the most diverse length (from
1-2 saconda for "grunts" to 10-30 ms for "eroaks"). In this case they may consist
of a pulse sequence in which there may be the most diverse harmonic components of
the spectrum.

3, whistles. They are usually of a high-freguency nature and the presence of
frequency deviation is inherent to them, which leads to different variations of
their sounding. The presence of frequency modulation imparts a multifaceted pitch
to thim type of sounds. They can be similar to chirping, whistling and meowing.
The source of their excitation is the passages of the stomach, air bladder and so
on which create vibrations when air is pumped through them. By their nature these
ara acoustic oscillations of oscillating spheres. The mechanism of their sound
formation is related closely to the function of the air bladder and stomach [10].

4. sSqueaks consist of a series of short pulses (1-10 ms). The total length of a

squeaking sound may vary over a wide range from 0.1 to 1.0 second and their charac-
- tarintic feature is a nonuniform period of repetition of individual pulses during

a single such sound. The organ of sound formation of squeaks in salmon is the lips.

5. Clicks ara short pulsed sounds lasting up to 30-40 ms and are observed both in
the form of single pulees and in the form of infrequent series. The air bladder
undoubtediy plays an important role in their sound formation. However, taking the
absen- . <f a harmonic component in this spectrum and the wideband nature of them
inte &..ount, 1t should be agreed that the air bladder is obviously not their only
gource,
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Figure 7. Comparative Analysis of Amplitude-Spectral Characteristics of
Sounds Emitted by Some Pelagic and Bottom Fish (gradations by
level avery 6 dB): l--sockeye red salmon; 2--humpback salmon;
3-~coho salmon; 4=--rudd; S--herring; 6--half-beaks; 7--mackerel;
g--smelt; 9~-silvery hake; 10--horse mackerel; ll--yellow kar-
anks; 12-~jackfish; 13--haddock; l4--yellowfin tuna; 15--sar-
dine; l6--anchovy; l7--triggerfish

Key 1
1. Relative levels of fish sounds
2. kHz

6. Infrasonic oscillations may occur when the abdominal muscles of £ish act on the
air bladder. Their range may extend from units of a hertz to the beginning of the
sound range.

7. Sounds similar to sawing and which are a series of pulses repeated at a spe-
cific period occur with participation of the air bladder.

8. Drumming sounds (high- and low-frequency) are usually related to specialized
sounds. A constant pulse repetition rate, insignificant fluctuations of the length
of individual pulses for each species of fish, stable pulse recurrence frequency
and firm relationship to the diurnal and seasonal activity of fish are typical for
them.

Thara is a difference in spectral composition and pulse length between low- and

high-frequency sounds of salmon (Figure 8). Their repetition rate coincides.
High-frequency sounds are short wideband pulses and the low-frequency sounds
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Figure 8. Sonogram of High- (a) and Low-Frequency (b) Sounds of Salmon

consist of two components. The first part of this signal does not differ in any
way from a high-frequency knock and has the same spectral composition and the
second part contains the low-frequency component of 20-180 Hz and is a vibration
whose level attenuates exponentially. It is assumed that the process of exciting
low-frequency sounds is closely related to-the work of the muscular structures
which induce high-frequency oscillations in the bladder. Corinection of the air
bladder as a resonator of low~fregquency oscillations obviously does not always
occur.

The enumerated sounds of fish can be represented in this sturcture in the form of
1) a series of low-frequency pulses with f£illing of the quasi-sine wave frequency
below 600 Hz; the length of a single pulse may reach 100 ms and this type of sound
is observed in paired fish and some shoal species; 2) a series of high-frequency
pulses 1-15 ms in length and with filling frequency of 1,000~2,500 Hz (paired
fishes); 3) transient pulse signals with wide filling spectrum (up to 6-12 kHz),
energy distribution in the spectrum is nonuniform and the length of individual pul-
ses fluctuates in the range of 10-40 ms (salmon and other bottom fishes); and 4)
noisy signals consisting of a large number of spontaneously emitted sounds lasting
up to 40 ms; the levels of these signals reach a maximum value in the high-frequency
region of the spectrum, but does not exceed 10 dB above background noise in smooth
seas (herring, some tuna and mackerel).

The sound pressure levels and pulse length for sounds of different types in some
species of fish are reduced to a table.

The process of discrimination and recognition of signals. Let us consider the
process of recognition of acoustic signals by fish. We are talking about recogni-
tion of acoustic information on the noisy background of the sea. The term "informa-
tion" is understood as a combination of sounds acting on the object (fish), among
which may also be sounds transmitted (emitted) by specimens of a given species and
having signal significance.

In the general case the process of perception of these sounds among higher verte-

brates and identification of them may appear as follows. Sound enters the process-
ing system through the animal's receptor fields, where individual frequency compon-
ents of the signal and its formants (overtones) are separated. "Discharges" of the
nerve pulses are formed in the receptors, which then enter the TsNS [Central nervous
system] At the same time information about the intensity of sound (in its individ-
ual sections of the spectrum) and the length of sounding enters the TsNS with it.
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Physical Characteristicas of Sounds of Some Pacific Ocean Fish
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Key:
1. Number of items 9, High~-frequency knock
2. Species i0, Up to 1l
3. Phonetic characteristic 11. All salmon
4. Length of sound, ms 12. low=frequency knock
5. Main frequency, Hz 13, All salmon
6. Absolute sound pressure relative 14. "Cree-Croy"
to 2+10"5 Pa 15. Grunting
7. Upper recorded frequency in 16. Clicks
spectrum, Hz 17. Squeaks
8. Sockeye red salmon, king-salmon, 18, Wwhistle
coho salmon and humpback salmon 19, Infrasonic oscillations
[Kay continued on following page]
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[Key continued from preceding page]

20. Common loach, cocho salmon, 30, Smelt

ateelhead salmon and common 31, Half-beak

salmon 32, Mackerel
21. Sawing 33, Haddock
22. Splashes 34. Croaking
23. Amur sturgeon 35, Japanese perch
24. Pseudobagrus 36, Series of knocks
25. Buzzer 37, sakhalin gurnards
26, Rudd 38, Japanese redfin
27. Xnocks 39, Drumming sounds

- 28, Herring 40. Knocks

29. Clicks 41, Sardines

42, Chirping

The brain gathers the incoming information (arriving through the afferent channels),
processes it, issuas instructions in response to the incoming signals, sending them
to the muscles through the efferent channel system, and also stores the character-
imtic features of the incoming signal in the memory cells. If this is a signal not
bearing specific bicacoustic information (a combat challenge, danger signal, threats
and 8o on), it enters the logic "YES"=-"NO" cell (neur.n) for issue of instructions
for action after probability and correlation analysis ([34], comparison by stereo-
types storad in the memory block. If this signal does not correspond to the stereo-
type-~tha objoct performs an operation to determine the significance of the signal

= and in the case of its indifference~--a "NO" instruction enters the logic block, to

- which the organism responds in the appropriate manner [12].

The given simplified proceas of acoustic signal perception and recognition of them
in typical for man with his highly developed brain. Separation of acoustic signals
in fish differs to a significant degree from that presented above since fish have

no ansociative thinking. However, actions which indicate the presence of a well-
developed system (mechanism) which permit them to detect food objects and similar
spacimans are inherent to fish. Sound signalling plays a less important role in
this care. The same can be said about sounds related to a threat to shoals of fish
and to their individual specimens (the sounds of predators or the noise of a fishing
vassel when a purse saine or trawl is being paid out).

The procvess of identification in fish can be represented in the following manner.
The information coming through the fish's acoustic channel is registered by one of
tha types of sound detectors (the inner ear, air bladder or lateral line) and pos-
#ibly by all of them simultaneously (Figure 9). In this cuse the complex of sound
perception and procesaing of signals functions as a unified system, It is triggered
provided that the level of the stimulating acoustic signal at the point of the fish's
location exceeds the threshold of sould perception in the optimum frequency range.
This thrashold asignal will not be identical in the working range since the receptors
hava diffaerent sensitivity in the frequency band. The frequency characteristic has
a dip in the low frequency range according to the presented audiograms. This is
feasible for geveral reasons.

¥irst, the spectral noise distribution of the sea itself (Knudsen's spectra) has a
significant drop of levels from maximum (60 AB at 10-20 Hz) to minimum (10 dB at
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Figure 9, Diagram of Processing Acoustic Information by Fish

Fey:
1. Receptors of lateral line 6. Brain
2. White-noige filter 7. Comparison block
3, Threshold device 8. Memory
4. Amplifier 9. Receptors of middle ear and air
5. Central nervous system bladder

10. Efferent channels

6-10 kiz) [46]. In order that the sound-perceiving system of the fish operate con-
tinuoualy in this band, one must assume that the receptors have dynamic range of
50-60 dB (i.e., they are capable of perceiving levels with amplitudes differing
approximately by a factor of 1,000).

Sacond, the signals are recorded by the sound receptors using the threshold devices
which respond only to stimuli with a specific suprathreshold level, rather than to
absolute values of it [1].

Although the low-frequency range of sea noises where the high levels are observed

lag behind the section on which most bioacoustic signals of many fish are located

by a significant distance, it is hardly probable that the high levels of low-fre-

quency noise and the signal which slightly exceeds the noise levels in the middle

of the fraquency band enter the same receptors. Noise masking of the signal would
inevitably occur in this case. '

Thus, the presence of a system for equalizing the frequency characteristic is
assumed in fish, which should provide an optimum conversion factor in the low-fre-
quency region of the gpectrum which permits attenuation of low frequencies with
high background noise lavels and which does not permit attenuation of high frequen-
cies where nolse is low, i.e., the conversion factor is k = 1/N@W). This is a so-
callad white-noise filter widely used in technology (5]. These systems considerably
simplity further processing of the signal, which is especially important if thresh-
old devicas are being used.

The presence of a white-noise filter in fish is indicated by complete agreement of
the slope of the audiogram in the low-fraquency region to the slope of the noise
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levels of the sea in this plane. It is obvious from the audiogram [31] and sono-
- gram of the sounds of Holocentrus ascensionus [30] that they have energy and spec-

tral conformity. The resulting characteristic of the transceiving biolcgical
system will have the form of a horizontal straight line on the segment from low
fraquencics to the maximum hearing frequency of fish [9). 1Its position in the
vertical plane (the threshold value of level) will depend on the acology of the

_ apecios, but there are data that the laevels of emission by marine organisms may
vary as a function of variations of the background noise levels, i.e., the signal
level always axceeds the background noise 1evel fa21j.

- Thua, any aound exceeding the noise on an‘arbitrary aectiqn'of'%he frequency band
(axceeding the response threshold of the acoustic receptors) is registered and per-
caivad as a signal by the fish. The level exceeding noise is of significance to

- provide reliability, especially if this signal is associated’ with danger. In this
case an increase of the level is a catalyst which accelerates information

processing.

Wi 25
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o 3 & & & &
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N-mn\'g v

/

o
Hgrodoe debonst cnwcmsnm)

T T TR Y Y

Figure 10. Audiogram [30] and Sonogram (3] Obtained from Nolocentrus
ascensionus L,

Koy :
l. Sound pressure relative to 2:10"3 pa dB
2. Units
3. kHz

Information from a sound gource in the form of pressure waves p and displacement
waves f. aenters the receptors of the acoustic-lateral system of fish. Each of the
components is separated independently due toc the physical properties of each of the
atimuli and the phyalological propertias of the receptor fields: +the lateral line
(Rp) separates information about the presence of displacement waves and the inner
ears in combination with the air bladder distinguishes sound pressure (Rp).

Processing of the signals in the primary receptor field includes 1) perception of
the optimum frequeancies by the receptor matrices £ and p; 2) separation of the signal
in the optimum frequency band-~spectral filtration which permits interpretation of
the exteant to which the signal can be related to a given species of animal (block
A or B); 3) comparison to a previously given threshold of a minimum signal AOE or
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Xop and LI the signal exceaeds this threshold, triggering of the system for recoding
sonsory information; and 4) correction of the transfer coefficient of the receptor
systems according to the background noise levels, which provides the possibility
of aeparating the signale over a wide frequency band in casa they exceed background
noine,

Actually, there is no separation of operations; this is a unified process performed
by the organism within an exceptionally short time. The primary receptor fields
are dynamically flexible. The threshold values of Ao, and Aop may vary not only in
ontoganesis; but also during the course of a shorter time. M. P. Fish notes that
marine inverceirates increase the level of emitted signals by 15-20 dB with an in-
creana of the background noise level of the sea by 20 dB during the onset of stormy
weather, i.e., the information transmission and receiving system is labile [21].

In response to an adequate stimulus, the receptor fields generate nerve impulse
patterne~~the response of the receptor cells to a stimulus. The pulses through the
syntem of the nerve channels Np and Np in which amplification of them is provided
enter the central nervous system, where they are compared to an image stored in the
mamory of the brain (volatile memory acquired during life or nonvolatile (genocode))
and 1f the response to the stimulus coincides with the image of the memory, in-
structions are issued through the efferent channels for the organism to carry out
the appropriate response.

During pamssaga of the pattern through the nerve pathways, it may be recoded (in the

Intavnaurons) and thus a signal completely differant from the first signal gener-
- ated by the waxy cell enters the TaNS. According to this, it remains unclear where
identification of acoustic information and comparison of it to a stereotype occurs
in fish, nince the pulse pattern at first glance does not carry information about
tha gound spectrum; according to available data, the response of the waxy cell oc-
curs over a wide fraquency range, beginning with seismic waves (1-20 Hz) to the
maximum hearing frequencies (2~3 kHz) and in this case the signal is separated only
Ly the thrashold feature [1]; there are not data on the sensitivity of the individ-
ual raceptors of the lateral line to specific frequencies or spectral regions, al-
though it would be logical to assume the existence of this type of signal separation
mechaniam,

The report that receptor cells reponding to perception of signals of specific levels
or froquenciae of the spectrum have been found in higher vertebrates is hopeful in
this regard [12].

The range of audibility of biological signals under natural conditions. The marine
madium in which thae channel is formed affects the range of information transmission
through the sound channel. It is customary to characterize the medium by attenua-
tion coafficlent 3, which is a value which reflects the effect of the elements of
the hydrosphere on the wave process, which finally leads to variation of the in-
itial shape of the spectral composition and level of transmitted signals.

Attenuation in the sea has been investigated and we made use of the known expression
for the sound attenuation coefficient for a plane wave, valid at frequencies from

16 Hz to 60 kHz, The following value of 8 = 0,0091 £2 can be used with sufficient
degree of accuracy in the indicated frequency range [22].
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A convanient. and precisme method of calculating the range of an acoustic signal is
the graphical method (3] in which attenuation of the acoustic wave due to diver-
gence of the acoustic beam may also be taken into account under specific conditions.

We previously determined the law of attenuation for low frequencies in the near and
intermediate zones (the spherical propagation zone); therefore, the use of a form-
ula which takes into account only absorption in the medium (Figure 11) will be valid
beyond its limits. In this case the excess signal over noise in.the intermediate
zone must be determined by Knudsen's graphs to solve the problem of the range of
gound avdiability under water. The maximum distance at one or several frequencies
must thon be determined from Figure 11 with regard to the fact that the signal

level at the point of sound reception by the fish .should exceed the noise level by
not less than 20 dB (S/N = 20 4B).

Lot us consider an example. A signal with sound pressure of level of 0.036 Pa,
measured in an aquarium at distance of 1 meter, is emitted by fish. The maximum
onergy is contained in the frequency range of 1,100-1,400 Hz. The real signal is
recorded in the sea by an omnidirectional acoustic energy transducer (the air blad-
der) and the excess signal above noise at the reception point should be S/N = 20 dB

in alight seas.
2 0 3
73{ YAVAY
£ YAVA'E
/

% /' / y
g 17,
S /oot
g —
3 62 ]

%0 —
-]
Qoos qo1 Qo5 g/ 5/ S 0 50 100 Lam

(1)

Figure 11. Curves of Sound Attenuation in Far Zone [18]

Kay:
1. Signal level, dB

solution: the spectral noise level at this frequency is N(w) = 26 dB (Figure 12).

The spectral signal level at this frequency iz determined from the same figure. Its

absolute value is S(w) = 28 dB. The maximum losses on this frequency are
H(m)’mS(m)—-N(m)==28—26== 2,

and sound attenuation (at 3 = 0.0091 £2 dB/km) is equal to 0,0142 dB/km.

We £ind the maximum distance at which the signal reaches its own minimum value and
is completely lost in noise:

- =H((u) _28—~2S~
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The aignal can be perceived by the fish in the range of this distance, but we did
not. observe the condition S/N = 20 dB in order that the fish respond to this sig-
nal. Let us introduce the correction

H (@)= 28 — 26—20=a— 18,

- Thus, we can recajve a response to our signal from the fish only in the immediate
vicinity of the asound source since its level is considerably below the noise level.
It mhould be assumed that all the motions of the fish in the medium under these
conditions will be the result of the effect of any other parameters of the medium
or othaer s*!...i1 which have nothing in common with the sound.

‘The range of stable reception by other specimens may reach distances of 150-200
1 metars (with regard to S/N = 20 dB) for high-frequency sounds of salmon with sound
prassure level of 1,0 Pa.

The losses do not exceed 8 dB/km in all cases for a plane wave (in the far zone)
with regard to reflection from the bottom and surface, attenuation introduced by
marine organisms and so on [6]. One of the factors of the medium which may negate
thn entire acoustic information channel is refraction.

The vitality of fish is related to the presence of plankton, which is the main food
bamo at spacific stages of fish development. Consequently, the use of an acoustic
comnunications channel in the presence of sound-scattering and sound-absorbing
layers may be gharply limited. Sound absorption by bubbles occurs due to heat
dimsuipation as a result of the resonance oscillations of the bubble [18]. The low-
eet. rosonance frequency of bubbles is 1,650 Hz but it may be reduced to 50 Hz dur-
ing a gtorm.

The phenomenon of refraction is related to variation of the speed of sound propa-
gation in water. The reason may be various factors, including water temperature,
nalinity and static pressure. Air bubbles play a no less important role in this
case. 'The compressibility of the water may vary twentyfold and accordingly the
spaed of sound mavy be reduced by a factor of 4.5 at depths up to 10 meters, where
bubbles with diametar of 1 mm are found.

Temparature, salinity and depth (pressure) also predetermine the direction of motion
of the acoustic wave, which is bent toward the region with lower speed of sound
propagation.

Heating the gurface waters, related to seasonal changes of temperature conditions
in the ragions of the ocean, causes bending of the acoustic beams. Thus, the beams
are bent downward during summer due to an increase of temperature of the surface
layer and their path is turned toward the surface in winter. :

The beams are bent to the side of pressure water in coastal regions with complex
distribution of saline and fresh water.

The thermal barrier in which temperature and density vary sharply has a significant
effoct on tha path of beams. It may be impenetrable to acoustic beams at high
gradients of these parameters in shallow water.
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- Figure 12, Spectral Characteristics of Ocean Noise as a Function of Its
. surface State [47]

Kay:
- 1. lsotropic noise, 4B
2, Units
3. Sound pressure relative to 2+10-5 pa, dB
4. kHz

Conclunsions. The purpose of this paper was to give preliminary consideration to
some problems of sound perception by fish from the viewpcint of physiology and
- hydroacousticvs, to compare the hearing range to the spectrum of signals emitted
hy fish and to present a model of perception and separation of these sounds on the
- noiuy background of the medium. One can make the following conclusions from
analysis of the materials from the literature and the raesults of experimental
inventigations

sclience has now accumulated a sufficient amount of information on the audi-
tory capabilitias of fish in order to determine the boundaries of auditory per-
ception which can be used to solve problems of controlling fish behavior using
acoustic fieldsy

the main sounds (primarily specialized) emitted by £ish ure located within
frequanoies of the acoustic band; aignals accompanying the activity of fish may
ogcupy a frequancy spectrum of considerably greater width;

tha presence of encapsulated receptors (Pacinian corpuscles), with which the
machanism of sound perception by bladderfish in which no connection of the air
bladder to the inner sar has been established can be explained, may be assumed in
the proposmed scheme of the functional relationships of the sound-perceiving appara-
tus of fish

sound reception in fish in all probability occurs by the threshold feature
(which is confirmed by the path of audiograms in the low-frequency range) since
this nystem of sound perception permits separation of the signal on a noisy back-
- around of the medium;

the sound pressure in the near zone and the value of particle displacement of
the medium have fluctuations in level (see the graphs for determination of the ab-
solute values))
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acoustic signals, even those which slightly exceed the natural noise level of

the medium, can be heard by a fish at a considerable distance.
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UDC 681.332.63
POSSIBILITY OF CREATING ANALOG :PROBABILITY OF A MODEL OF THE SEA
Kiev BIONTKA in Russian No 13, 1979 signed to press 14 Jun 79 pp 91-95

- [Axticle by I. V. Popov, AzNIIRKh, Rostov-na-Donu, from the collection "Bionika,"
Tzdatel'stvo Naukova Dumka, 1,000 copies, 100 pages].

[Text] .ractical problems of efficient use of the natural resources of the inland
resarvoirs of the country, specifically of the Sea of Azov, require quantitative
analysis and forecasting of a complex of related parameters of a biological and
ablotic nature. Tt becomes necessary in this regard to model this system on a
strict methodological basis. However, the complexity of the system is such that

B construction of a full mathematical model of it in final analytical form is very
problematical.

Fach point of space determined on the sea basin can be described in general form by
the combination of n parameters which characterize the state of the aqueous medium
and tha hydrobionts. It is known that each of these parameters is a transient sto-
chastlc process ng (t) = £4(t) + [j(t) with periodic trend fi (t). Moreover, it is
known that all these parameters are functionally or statistically related to each
othor [4]. Thus, each point of the basin can be described by an n-dimensional
random vector with dependent components {nj(t)}.

In the general case this vector is also dependent on spatial coordinates

{f\i (egs Yir 24, t)}. A large part of the parameters of the system under consider-

ation is also continuous time and space functions. This means that one can talk

about a continuous field of some parameter and about the combination of continuous
fields related to each other which describe the state of the sea. Like any contin-
uous field, they can be quantified by time and space on the basis of known theorems
of calculation. In other words, one can talk about the discrete representation of
continuous fields of the parameters of the sea. To characterize the state of the
ana in the statistical sense, one must know the combination of statistical char-

- actaristics {Wy} of the named random vectors, including the relationships between
thom and their components. Thus, the problem of analyzing the state of the sea
reduces to one of analyzing the statistical characteristics of random vectors and
their relationships, while the problem of forecasting includes determination of
those characteristics at a given time interval in the future. Moreover, one can
talk about the problem of predicting the instantaneous values of the parameters
under investigation on the basis of using known methods of predicting stochastic
processes which rely on the prehistory of the known model {2].
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Figure 1. Block Diagram of Hybrid Computer System Which Includes an Analog
Probability Model of the Sea: ITsP--pulse-digital converter;
TsTIP-~digital-pulse converter

Koy 1
1. Analog computer 3. Digital computer
2. Decoder

On the whole the problem of modelling the sea in this postulation reduces to model-
1ing a system of bound random fields adequate to a real object in the statistical
nanse, with subsequent investigation of their statistical dynamics to predict the
rossible changes of its state and optimization of its conditions according to a
qiven critarion.

Synthesis of this model on a digital computer is considerably complicated by the
need for simultaneous generation of n random sequences of numbers with given statis-
tical characteristics (including the trend) and the need for complete statistical
analysin of these flows and control of them with output for optimization of the
model. The technical capabilities of the digital computer do not permit complete
solution of these problems, Therefore, the best solution, we feel, is separation

of the aimulation functions, analysis and control between the digital and analog
part {n a hybrid computer system (GVS) (Figure 1) since the model of the sea itself
was ranlized on an analog physical basis and all the remaining functions were real-
17ed on a universal digital computer.

The form of displaying the i{nformation in the analog probability model (AVM) is
pulse type to provide noige stability of the system and the possibility of separat-
iny the digital and analog parts over a considerable distance. Moreover, this form
permitr congiderable simplification of the communications channels between the
digital computer and the AVM and consequently permit one to provide the required
reliability of the system as a whole. The main informative parameter of the pulse

- flows is the length of the intervals between pulses. The decoder is designed to
nelect the address of the base components of the AVM and the communications compon-
ants for subsequent connection of them to the digital computer.

The structure of the AVM (Figure 2) is a homogeneous network in whose assemblies the

base components connected to each other by the communications components are lo-

- catecl. The base component consists of a primary source of fluctuating oscillations,
a nonlinear converter and adder. The communications component is a nonlinear con-
verter in general form and in the special case it is a linear component which pro-
viden raceipt of a given weight of communications. All the base and communications
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components of the network are identical and are rearranged by using the digital
computer. The number of components in the network and the spacing of the array
are determined on tha basis of the requirements for obtaining representative in-
formation about the field of some parameter (1, 3]. The complete model of the
rodarvoir consists of a set of interconnected identical arrays, each of which is

a modal of the field of one parameter. The oparating pr.nciple of the analoy part
of the syatem is based on reproduction of a multidimensional random process with
glven statistical characteristics OFf the models and with given relationships‘be-
twean them. The initial statistical characteristics of the. base comporientsy  the
welght of the communications components and the boundary conditions are established
on the hasis of empirlcal data on the object of investigation and the requirements
of the postulated problem.. Analysis of the state of the system with variations of
the (nertial and boundary conditions, with different configurations of the network
and values of the communications weights is accomplished by direct measurement of
the observad fiuctuation signals in the array assemblies. With regard to the
ostablished time scale, this analysis is a prediction of the future state of the
system at a glven interval.

I'igure 2. Block Diagram of Probability Network of Analog Part of GVS:
GSh--primary sources of fluctuating electric oscillations
- (noise generators); NP--nonlinear converters; SM--adders

Concerning the principle problems of realizing these models, we note that nature
long ago solved this problem and in a very efficient manner. We have in mind pri-~
marily the neuron networks of living systems. Numerous investigations both in the
sioviet Union and abroad show that the neuron networks combine all functions of the
model of complex systems by accomplishing adaptive functions of analysis, checking
and control of the natural state and the external medium simultaneously by means of
actuating components. It is interesting that the internal language of interneuron
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messagas ir pulsed in nature, while the main informative parameter, as is known,
is the length of the intervals between pulses. Nonlinear transformations of the
probability pulse flows are accomplished at the level of the synaptic elements (7]
and are developed at the leval of converging postsynaptic potentials of the neuron
membrane [8]. It is therefore natural to use some ideas of neurocybernetics for
synthesis of the AVM,

The main trends in development of the AVM can ke characterized in the following
manner :

1. Uevelopmaut of the general theory of homogeneous stochastic rearranged networks
and the theoretical justification of AVM parameters.

2. Realization of the AVM on the basis of standard semiconductor components and
on the base of microelectronics.

3. Realization of the AVM on the basis of new physical components.
4. sSynthesis of the AVM on a material biological base.

Dotailed analysis of the statigtical characteristics of the main hydrophysical and
hydrochemical parameters and the relationships between them were carried out with
respect to the problem of developing the AVM of the Sea of Azov according to para-
graph 1. fThe elements of the theory of stochastic polysynaptic networks, being a
prototypo of the AVM of a more complex self~-adjusting type, were developed. In
this casa the mathematical apparatus of the theory of random processes, ideas of
queueiny thaory and automaton theory were used. The general principle of matching
and nself-matching of the probability networks of neuron-like elements was
formulated [6].

According to paragraph 2, several versions of the base components were developed
on the basis of ordinary semiconductor technology (the modular version) and on in-
tegratod circuits. The communications component was developed.

According to paragraph 3, an attempt was made to use the electronics of nanowatt
outputys on the basis of organic semiconductor crystals of the anthracene type. It
wag possible to develop a semifunctional element which specifically has noise prop-
arties and the property of memory (5]. This permits one to synthesize the adaptive
bane components for the AVM.

A cycle of biophysical investigations was carried out at cellular and subcellular
levels in the stochastic stimulation mode by pulsed flows with known statistics
(paragraph 4). The data in combination with materials on cultivation of nerve
tissue [9, 10) permit positive analysis of this trend and to recognize it as one
of the most promising, although the most difficult to realize.

The second and third trends are the most real and most economically effective for
the AVM from the technical viewpoint.

In conclusion, one should note the universality of models of this type, determined
by the possibility of using them for modelling different reservoirs, with respect
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to which there is initial statistical information. This quality obviously follows
diractly from the possibility of rearranging the base components of the model and
the ralationships between them.

10.
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